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Abstract
The intervertebral disc performs the mechanical roles of supporting loads, permitting motion, and dissipating
energy. Disc degeneration affects a large portion of the population, reduces the jointâ??s effectiveness, and is
strongly implicated as a cause of low back pain. Degeneration is an irreversible process that manifests early
within the centralized nucleus pulposus and subsequently affects other disc components. An incomplete
understanding of the role of the nucleus pulposus and how alterations in nucleus function affect disc
mechanics has hindered successful development of disc degeneration treatment. The objective of this
dissertation was to evaluate the mechanical contributions of the nucleus pulposus to intervertebral disc
function in compressive loading. In cyclic loading experiments, it was determined that removal of the nucleus
pulposus via nucleotomy caused acute changes to the discâ??s mechanical response such as a decrease in
compressive stiffness with an accompanying increase in compressive strain. These changes correspond to
hypermobility, which alters overall spinal mechanics and may impact low back pain via altered motion
throughout the spinal column. In addition to these acute changes, nucleotomy also decreased the fluid-flow
related effects of cyclic compressive loading. Filing the void left by nucleotomy with a hydrogel implant
preserved the creep response of the discs. A procedure for creating disc strain templates, which describe
average disc strain, from MR images taken before and after loading was developed to non-invasively measure
internal disc strains that result from compression loading. In mildly-degenerate human discs, removal of the
nucleus increased axial strain throughout the annulus fibrosus, consistent with the existing literature stating
that the nucleus plays a significant role in supporting compressive loads. Removal of the nucleus also unevenly
altered the distribution of circumferential and radial strains within the annulus. Nucleotomy caused
substantially higher circumferential strain in the posterolateral region, which may increase the risk of annular
tears. The novel tools developed in this work and the experimental results can be utilized to further
understand the mechanical role of the nucleus pulposus on intervertebral disc function, how that role changes
with degeneration, and to design and treatments that restore disc mechanics.
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ABSTRACT 
 
THE ROLE OF THE NUCLEUS PULPOSUS IN HUMAN INTERVERTEBRAL DISC 
MECHANICAL FUNCTION QUANTIFIED BY MECHANICAL LOADING AND NON-
INVASIVE IMAGING 
Brent L. Showalter 
Dawn M. Elliott 
 
The intervertebral disc performs the mechanical roles of supporting loads, 
permitting motion, and dissipating energy. Disc degeneration affects a large portion 
of the population, reduces the joint’s effectiveness, and is strongly implicated as a 
cause of low back pain. Degeneration is an irreversible process that manifests early 
within the centralized nucleus pulposus and subsequently affects other disc 
components. An incomplete understanding of the role of the nucleus pulposus and 
how alterations in nucleus function affect disc mechanics has hindered successful 
development of disc degeneration treatment. The objective of this dissertation was 
to evaluate the mechanical contributions of the nucleus pulposus to intervertebral 
disc function in compressive loading. In cyclic loading experiments, it was 
determined that removal of the nucleus pulposus via nucleotomy caused acute 
changes to the disc’s mechanical response such as a decrease in compressive 
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stiffness with an accompanying increase in compressive strain. These changes 
correspond to hypermobility, which alters overall spinal mechanics and may impact 
low back pain via altered motion throughout the spinal column. In addition to these 
acute changes, nucleotomy also decreased the fluid-flow related effects of cyclic 
compressive loading. Filing the void left by nucleotomy with a hydrogel implant 
preserved the creep response of the discs. A procedure for creating disc strain 
templates, which describe average disc strain, from MR images taken before and 
after loading was developed to non-invasively measure internal disc strains that 
result from compression loading. In mildly-degenerate human discs, removal of the 
nucleus increased axial strain throughout the annulus fibrosus, consistent with the 
existing literature stating that the nucleus plays a significant role in supporting 
compressive loads. Removal of the nucleus also unevenly altered the distribution of 
circumferential and radial strains within the annulus. Nucleotomy caused 
substantially higher circumferential strain in the posterolateral region, which may 
increase the risk of annular tears. The novel tools developed in this work and the 
experimental results can be utilized to further understand the mechanical role of the 
nucleus pulposus on intervertebral disc function, how that role changes with 
degeneration, and to design and treatments that restore disc mechanics.  
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CHAPTER 1: Introduction  
The intervertebral disc performs the mechanical roles of supporting loads, 
permitting motion, and dissipating energy.87; 146 Disc degeneration affects a large 
portion of the population, reduces the joint’s effectiveness, and is strongly 
implicated as a cause of low back pain.3; 5; 59; 131; 139; 140; 148 Degeneration is an 
irreversible process that manifests early within the centralized nucleus pulposus 
and subsequently affects other disc components.3 Current surgical treatments aim 
to treat the end stages of the disorder using procedures such as disc removal with 
subsequent fusion of the adjacent vertebrae. While these treatments reduce 
symptoms, they are palliative only, do not restore healthy disc function, and often 
ultimately fail.9; 79; 113 The current difficulties of treating end-stage degeneration are 
incentive to develop treatments for earlier stages that are capable of preserving disc 
function and slowing the degenerative process.17   
An incomplete understanding of the critical factors of disc degeneration has 
hindered successful treatment development.6; 80; 117; 145 One degeneration 
mechanism is that changes within the nucleus pulposus alter how the disc supports 
loads, which in turn causes structural defects in other disc components.3; 59 In an 
effort to examine this pathway, the objective of this dissertation was to evaluate the 
mechanical contributions of the nucleus pulposus to the function of the 
intervertebral disc in compressive loading.  
 
 
2 
Chapter 2 begins with a more thorough background on the intervertebral 
disc, disc degeneration, and known role of the nucleus pulposus in disc mechanics. 
The nucleus pulposus both supports loads directly and places the fibers of the 
annulus fibrosus in tension.74; 97 Most of the existing literature evaluates disc 
mechanics while the disc is fully hydrated. However, because the nucleus is 
composed primarily of water, extended loading alters the fluid distribution in the 
disc, which in turn affects the disc’s mechanical response.31; 64 Chapter 3 examines 
the role of native nucleus pulposus and the effect of degeneration on the time-
dependent mechanical response of the disc. This is done using cyclic loading and 
hydrated recovery to compare the response of intact discs and discs following 
nucleotomy. The cyclic loading is extended to examine the effect of a synthetic 
nucleus replacement in chapter 4.  
Local tissue strain can be used to examine alterations in load distributions in 
an effort to explain how changes within the nucleus pulposus lead to structural 
defects throughout the disc.30; 102 A technique was recently developed for non-
invasively measuring 3D internal strains by acquiring MR images before and after 
an intervertebral disc was loaded. 157 Unfortunately, variation between samples 
hindered data analysis. In this work, Chapter 5 describes the development of a disc 
strain template, which is used to reduce individual variability in internal strain 
while preserving group-level trends. As part of the developmental process, a finite 
element model was used to validate the strain template creation technique. Chapter 
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6 uses strain templates to measure the nucleus pulposus affects on tissue strains in 
mildly degenerate discs.  
Chapter 7 discusses general conclusions and how this work can be used in 
future studies, such as the study of disc degeneration, annular tears, and evaluation 
of treatments. This dissertation marks a significant increase in understanding the 
role of the nucleus pulposus in intervertebral disc mechanics. 
 
 
 
 
4 
CHAPTER 2: Background 
2.1 Intervertebral Disc Structure and Function 
The spine, comprised of alternating vertebrae and intervertebral discs 
(Figure 1), performs the mechanical functions of supporting loads, permitting 
motion, and dissipating energy.87; 146 The primary disc components are the annulus 
fibrosus and nucleus pulposus (NP). The annulus consists of 0.11-0.52 mm thick 
layers of fiber-reinforced soft tissue, with fibers oriented an average of +/- 30° from 
the transverse plane.81 The fibers in the outer regions of the annulus are primarily 
type I collagen fibers, which compose 75-90% of dry weight. As the annulus 
transitions from the outer to inner layers, the layers become thicker, collagen 
content decreases to 40-75%, and type II collagen becomes more abundant.10; 20; 81; 
131  
The centrally located NP is primarily composed of water (75-90% wet 
weight), proteoglycans (20-60% dry weight), and Type II collagen (25% dry 
weight).10; 131 The proteoglycans create an osmotic pressure within the disc and are 
responsible for drawing fluid into the center of the disc.53; 112; 130; 138 The interplay 
between osmotic pressure and external loads causes 20-25% of the disc’s water 
content to be expressed and re-imbibed daily.86; 126 In daily activities, the NP 
functions by both supporting loads directly and placing the collagen fibers of the 
annulus fibrosus in tension.55; 98; 114 Together, the annulus and NP function as a joint 
capable of withstanding large forces while permitting extensive spinal flexibility.  
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Figure 1: MR image of the lumbar spine and a cross section of an intervertebral disc 
with the annulus fibrosus (AF) and nucleus pulposus (NP) marked.  
2.2 Disc Degeneration 
The disc undergoes more dramatic alterations with age than any other 
muscoleskeletal soft tissue.24 Degeneration reduces the disc’s effectiveness and is 
strongly associated with low back pain, which causes over $100 billion in annual 
societal costs within the United States.6; 9; 26; 67; 79 Disc degeneration is a multifaceted 
process involving structural and biochemical changes within the disc.3; 5; 59; 131; 140; 148 
These changes manifest early within the NP with decreasing proteoglycans and 
water content.10 The NP becomes more fibrous as Type I collagen is replaced by 
Type II.20 As a result, the NP becomes less capable of sustaining the hydrostatic 
pressure that places the annulus fibers in tension during loading. This leads to 
abnormal loading and stress concentrations within the annulus.5 Also, the annular 
structure becomes more disorganized, disc height decreases, and structural defects, 
such as annular tears and Schmorl Nodes, develop.4; 48; 57; 134; 143; 144 Repair and 
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regeneration within the disc is limited because the tissue is avascular and has low 
cell content.78; 140 
Prevention and treatment of degeneration will be aided by understanding 
the functional role of the NP. The objective of this dissertation was to evaluate the 
mechanical contributions of the nucleus pulposus to the function of the 
intervertebral disc in compressive loading. General background on nucleotomy, 
cyclic loading, and internal strain measurement techniques used to accomplish this 
objective is found in the following sections.  
2.3 Nucleotomy 
The role of the NP can be determined by comparing mechanical response of 
intact discs with the response of discs from which the NP has been removed. NP 
removal is accomplished with a procedure called a nucleotomy or discectomy. 
Clinically, nucleotomy is performed to treat herniations by relieving pressure on the 
spinal cord.43; 66; 116; 122 The procedure boasts an 80-90% success rate based on 
immediate symptom relief, improvement in patient metrics such as Oswerty 
Disability Scores, and limited reherniation rates.44; 84; 94; 147 However, nucleotomy 
also alters disc mechanics by decreasing disc height, NP pressure, and stiffness 
while increasing range of motion and creep.21; 25; 42; 46; 61; 63; 88; 104; 146 While these 
mechanical changes are clinically undesirable, they are scientifically useful because 
they are similar to naturally occurring degenerative changes. As a result, 
nucleotomy is a relevant degeneration model that can be used to evaluate 
mechanically based treatments such as nucleus replacements.  
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2.4 Cyclic Loading and Hydrated Recovery 
The ability of the NP to support and transfer loads is dependent on its fluid 
content. As described in section 2.1, disc fluid levels fluctuate daily as a result of 
osmotic pressure within the NP and the external loads placed on the disc. Reduced 
hydration decreases disc height, increases stiffness, and increases range of motion, 
with properties returning to baseline after rehydration.2; 153 These in vivo diurnal 
changes have been replicated by cyclic loading and unloaded hydrated recovery in 
several animal models, including porcine, ovine, and bovine.64; 71; 135  While animal 
and human discs are similar, these findings may not be representative of cyclic 
loading in human discs due to lower water and proteoglycan content in humans, 
varied applied loads and loading durations between studies, and differences in 
cartilage endplate.15; 37; 123; 152; 161 Disc hydration effects have also been studied using 
creep tests.1; 70 However, creep induces lower fluid flow rates than cyclic loading 
and thus doesn’t simulate the dynamic nature of disc loading.149 In this dissertation, 
the time-dependent mechanical role of the nucleus pulposus was evaluated by 
comparing in disc’s mechanical response to cyclic loading with hydrated recovery 
before and after nucleotomy.   
2.5 Nucleus Pulposus Replacement 
The current gold standard for surgical treatment of disc degeneration is 
fusion, in which the disc is removed and the adjacent vertebral bodies are fused.113 
While often boasting initial successful outcomes, such as reducing Oswerty 
Disability Index, the procedure also inherently restricts natural movement and 
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accelerates the degenerative process in adjacent disc levels.56; 91 To overcome these 
limitations, nucleus pulposus replacements are being developed to treat early stages 
of degeneration while maintaining or restoring disc mechanics.76; 105; 109; 115 
Mechanical evaluation of nucleus replacements often focuses on the intrinsic 
mechanical properties of the implant and its immediate effects on disc mechanical 
response.32; 35; 107; 114; 127 In this work, a hydrogel implant will be evaluated using 
moderate cyclic loading of discs followed by unloaded hydrated recovery because it 
is more rigorous than single cycle tests and captures elements of the time-
dependent mechanical response critical for daily function.63; 125 
2.6 Non-invasive internal disc strain  
Deformation under load is a fundamental indicator of the mechanical 
function of a load-bearing structure. Understanding the disc’s internal strain 
distributions for physiologically relevant loading conditions is critical for 
development of successful treatments designed to halt or slow the mechanical 
changes caused by degeneration. However, examining internal disc strains is 
difficult because of the layered, fiber-reinforced annulus that surrounds the 
pressurized NP. Previous attempts at direct measurement were either limited to 
surface measurements or have been invasive.21; 88; 89; 120; 129 While these studies have 
provided useful information regarding the internal stress-strain distributions in the 
disc, the invasive methods used inherently alter the tissue structure and strain 
measurements. To overcome these limitations, recent research has non-invasively 
examined internal disc strain in using MR imaging..29; 30; 102; 104; 157 While this is an 
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important improvement over invasive techniques, the MR studies have been limited 
to 2D slices taken in the midsaggital plane. As a result, circumferential strain cannot 
be measured and internal strain in damage prone regions of the disc, such as the 
posterolateral region, are not evaluated.  
A technique capable of measuring 3D disc internal strains was recently 
developed.157 In that experiment, images were taken in a 7T MR scanner using a 
custom designed coil capable of taking 3D images with an isotropic resolution of 
0.3mm. While the strain maps calculated from these images provide unprecedented 
information on internal disc mechanics, individual variation between samples has 
hindered data analysis.  
Within the field of neuroimaging, the challenge of individual variation is 
addressed by using data from several individuals to create templates, which are 
essentially averages of the imaging data.36; 69; 108; 141; 155; 158 These templates may be 
single-modality, meaning that they are derived from a single imaging source, or they 
may be multi-modality, by utilizing information from multiple sources such as 
standard MRI and Diffusion Tensor Imaging.11; 75 Because templates minimize 
individual variation in order to highlight key population traits, they are ideally 
suited for analyzing the recently acquired 3D disc images and strain maps. In this 
dissertation, a template creation technique was developed to better analyze this 
existing 3D data set to determine group-level trends in internal disc strain.  
The development of templates to study tissue strain is sufficiently different 
from neuroimaging templates to require validation of the technique. A well-
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accepted method for examining internal stress-strain profiles in biological tissues is 
finite element models (FEMs), and as a result, FEMs are ideal for validating the 
strain template technique.98; 100; 119 Our laboratory recently created a biphasic disc 
FEM using the average geometry of L4-L5 disc and region specific tissue properties 
obtained from a wide range of experiments.22; 23 This FEM was validated by 
comparing its calculated disc-level mechanical response to experimental 
compressive slow loading ramp, creep, and stress-relaxation tests. Because this 
model has undergone rigorous validation of the disc’s nonlinear compression 
response, it is well suited for comparison to a template of MRI calculated internal 
strains. 
After developing and validating disc internal strain templates, strain 
templates were then used to analyze the role of the NP in internal disc strain.  
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CHAPTER 3: Effect of Nucleotomy on Cyclic Loading Response 
of Human Discs 
3.1 Introduction 
Physiological cyclic compressive loading and unloaded recovery is an ideal 
testing modality for examining the loading contribution of the nucleus pulposus 
because it simulates the disc’s time-dependent mechanical response. The interplay 
between osmotic pressure and external loads causes 20-25% of the disc’s water 
content to be expressed and re-imbibed daily.126 Reduced hydration decreases disc 
height, increases stiffness, and increases range of motion, with properties returning 
to baseline after rehydration.2; 153 These diurnal changes have been replicated in 
several large animal models by compressive cyclic loading and unloaded recovery.64; 
71; 135 While animal and human discs are similar, these findings may not be 
representative of cyclic loading in human discs due to lower water and proteoglycan 
content in humans, varied applied loads and loading durations between studies, and 
differences in cartilage endplates between species.15; 37; 123; 152; 161 Further, the 
majority of previous cyclic loading studies were designed to test damage 
mechanisms by employing high loads and number of cycles and by not including 
unloaded recovery.4; 52 Disc hydration effects have also been studied using creep 
tests.1; 70 However, creep induces lower fluid flow rates than cyclic loading and thus 
doesn’t simulate the dynamic nature of disc loading.149 This study examines the 
contribution of the NP to disc loading by testing human discs undergoing a 
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physiologically relevant testing modality, which is compressive cyclic loading with 
hydrated unloaded recovery. 
The mechanical role of the nucleus pulposus can be evaluated by comparing 
the effect of cyclic loading on intact and partially nucleotomized samples. 
Nucleotomy, also known as discectomy, is a clinical treatment for disc herniation.43; 
66 The procedure alters disc mechanics by decreasing disc height, NP pressure, and 
stiffness while increasing range of motion and creep.21; 25; 42; 46; 61; 88; 104 While the 
acute effects of nucleotomy have been determined, its impact on the disc’s fluid-flow 
related mechanical response has not.  
The objective of this chapter was to determine the effects of physiological 
cyclic loading followed by unloaded recovery on the mechanical response of human 
intervertebral discs. The second objective was to examine how nucleotomy alters 
the disc’s mechanical response to cyclic loading.  
3.2 Methods 
3.2.1 Sample Preparation 
Fifteen human lumbar spine segments with a mean donor age of 50.1 years 
(22-75 years) were obtained from institutionally approved sources. These spines 
underwent MR imaging to determine degeneration grade and T2 relaxation times.68; 
82; 110 The L5-S1 disc was selected for testing because herniations and discectomies 
are most common at this level.147 Samples had degeneration grades ranging from 1 
to 5 and T2 relaxation times ranging from 66 to 204, with higher relaxation times 
indicating healthier discs. T2 relaxation time was not acquired for one sample. For 
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the remaining 14 samples, T2 relaxation times correlated with Pfirrmann grades (r = 
-0.76) and provide a quantitative, continuous measurement of degeneration (Figure 
2). Disc cross-sectional area was measured from MR images. After imaging, L5-S1 
bone-disc-bone segments were prepared by first removing the posterior elements 
and extraneous soft tissue. Although in vivo loads are shared between the disc and 
facets, posterior elements were removed in order to isolate the contributions of the 
disc in compression.15; 88 Following dissection, 1.25 mm Kirschner wires were 
placed in the L5 vertebrae and sacrum. The L5-S1 discs were wedge-shaped, with a 
13±4° angle between the L5 and S1 endplates, which likely results in some applied 
shear loads even during simple compression experiments. For consistency in 
mechanical testing, loads were applied perpendicular to the L5 vertebrae. This was 
ensured by potting the motion segments in PMMA with the L5 endplate parallel to 
the potting fixtures using fluoroscopic guidance. Samples were stored in a freezer at 
-20°C when not in use. 
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Figure 2:T2 relaxation times are strongly correlated to Pfirrmann scores (r = -0.76, 
p = 0.001) for the human L5-S1 discs used in this study.  
 
3.2.2 Mechanical testing 
The mechanical test consisted of six steps (Figure 3). 1. Overnight hydration, 
also called initial hydration. 2. Measure mechanical parameters (Initial). 3. 10,000 
cycles of compressive loading. 4. Measure mechanical parameters (Cyclic). 5. 
Overnight hydration, also called unloaded recovery. 6. Measure mechanical 
parameters (Recovery). During the first step, overnight hydration, samples were 
submerged in a 0.15 M PBS bath containing protease inhibitors 
(Phenylmethylsulfonyl Fluroide, N-Ethylmalemide Bioxtra, and Benzamidine 
Hydrochloride from Sigma-Aldrich, St. Louis, MO) at 4°C for 16-24 hours. Second, 
mechanical parameters were measured by applying 60 cycles at 0.2 Hz between 
0.48 MPa (734 ± 122N) in compression and 375 N in tension, which is similar to 
previous studies.15 The stress of 0.48 MPa corresponds to one body weight or to 
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low-intensity activities such as sitting upright without support or relaxed 
standing.40; 96; 153 The tensile load of 375 N was applied to all samples instead of a 
uniform stress to prevent sample pull out from the PMMA for discs with large cross-
sectional areas while ensuring sufficient load to describe the mechanical parameters 
of interest. The third step was to apply 10,000 cycles of compressive loads at 2 Hz 
between 0.12 and 0.96 MPa (1467±244N) which are loads similar to moderate 
physical activities such as jogging or lifting a 10 kg weight.96; 153 The number of 
cycles and cycle frequency were selected for comparison with earlier studies and 
because these loads are representative of moderate physical labor.22; 64 Fourth, 
mechanics were measured immediately after cyclic loading in the same manner as 
the second step. For the fifth and six steps, discs were rehydrated overnight 
followed by measurement of mechanical parameters.  
 
Figure 3:The mechanical testing procedure altered disc hydration. Discs are fully 
hydrated in a PBS bath containing protease inhibitors (Steps 1 and 5), 
and have reduced hydration after cyclic loading (Step 3). Mechanical 
parameters are measured after each change in hydration level (Steps 2, 4, 
and 6). 
 
Samples were tested on an ElectroPuls E3000 test system (Instron, Norwood, 
MA). All tests were run using trimodal control, in which the system reaches the 
target peak load while running sine waves in position control. If cycle peak loads do 
not match the target loads, the peak positions of the sine wave are adjusted on the 
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next cycle. During testing, target loads were reached between the 30th and 40th 
cycles. While this is more preconditioning than applied in many studies, previous 
work showed 20 cycles were needed to sufficiently precondition the disc for 
measuring mechanical parameters and preliminary studies for this work showed no 
difference in mechanical properties measured between the 20th and 50th cycles.19 
3.2.3 Nucleotomy 
To evaluate the effect of nucleotomy, samples were tested using the 6-step 
method described above while intact and again following nucleotomy. Nucleotomy 
was performed by first hydrating the discs in PBS for eight hours. Next, a cruciate 
incision was created in the posterolateral annulus using a #11 scalpel blade. 
Afterwards, either 2 or 4 mm pituitary rongeurs were used to remove as much 
nuclear material as possible through the single incision, which was 1.71±0.38 g of 
nuclear material. This is approximately 1.7 mL and 50% of nucleus pulposus volume 
and is slightly less than the 2.1±0.9 g removed during a clinical discectomy.10; 27; 39; 41 
Amount of NP removed was not correlated with sample degeneration (r = 0.19, p = 
0.5). Following nucleotomy, samples were frozen until further testing.  
3.2.4 Data Analysis 
Disc area was measured from MR images by outlining the disc in a midaxial 
slice using the DICOM viewer OsiriX (Pixmeo, Switzerland). Disc height was 
calculated from a lateral fluoroscopic image of the disc by dividing disc area by the 
anteroposterior width using Matlab (MathWorks, Natick, MA).103  
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The maximum position of a single loading cycle decreases over the 10,000 
cycles of compressive loading (Figure 4). Creep was defined as the decrease in 
maximum cycle position from cycle 50 to 10,000 of the cyclic loading and creep 
strain was calculated by dividing creep by initial disc height.  
 
Figure 4: The maximum position of single cycle decreases throughout the 10,000 
cycles of compressive loading. Creep is defined as the drop in maximum 
cycle displacement over 10,000 cycles, after which creep strain is 
calculated by dividing creep by initial disc height.  
 
Mechanical parameters were measured on the 50th cycle of the mechanical 
measurement steps of the testing procedure (steps 2, 4, and 6) to ensure sufficient 
preconditioning and eliminate super hydration.3; 63 Parameters were measured 
using a previously described custom Matlab program that performs a trilinear fit to 
the data (Figure 5A).15 This program first determines the minimum slope location 
of a 5th order polynomial fit to the data (Figure 5B). Neutral zone stiffness was 
defined as the slope of the loading data at this location (Figure 5C). Next, the data 
was separated into tension and compression loading curves and compressive range 
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of motion was defined as the displacement between 0 MPa and 0.48 MPa of applied 
stress (Figure 5D). Compressive stiffness was defined as the slope of the line fit 
through the data points above 80% of the maximum compressive load (Figure 5E). 
Neutral zone length was defined as the displacement between the intersection of the 
neutral zone line fit with the compression and tension curves (Figure 5F). 
Compression and neutral zone apparent modulus were calculated from stiffness by 
multiplying by disc height and then dividing by disc area. Similarly, compression 
and neutral zone strain were calculated by dividing the compression range of 
motion or neutral zone length by disc height. Intact disc height and area were used 
for this normalization.  
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Figure 5: Mechanical parameters are found using a trilinear fit of force-
displacement curve from 50th cycle of the mechanical measurement 
steps (steps 2, 4, and 6 of the testing procedure). A. Original data B. The 
minimum slope of a 5th order polynomial fit is located. C. Neutral zone is 
fit through data at the point of minimum slope. Neutral zone stiffness is 
the slope of this line. D. Tension (red circles) and compression (blue 
diamonds) loading curves are separated from the data. Compression 
range of motion is the displacement between 0 and 0.48 MPa on the 
compression loading curve. E. Tension and compression line fits through 
the maximum 80% of the respective loading curves. Compression 
stiffness is the slope of the compression line. F. Lines are fit in the neutral 
zone regions of the tension and compression loading curves. Neutral zone 
length is the displacement between the intersection of these lines with 
either the tension and compression lines. All mechanical parameters are 
then normalized by initial disc area and height.  
 
3.2.5 Statistics 
The effects of loading history (Initial, Cyclic, and Recovery) and treatment 
(Intact and Nucleotomy) on the mechanical parameters were analyzed using a 2-
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Way Repeated Measures ANOVA. Significant loading histories and treatments were 
examined with a Tukey’s or Sidak’s Multiple Comparison Test, respectively. 
Degeneration effects on cyclic loading were examined using linear correlations 
between T2 relaxation time and the percent change of parameters between loading 
history states. Similarly, degeneration effects on the changes caused by nucleotomy 
were analyzed by performing linear correlations between T2 relaxation time and the 
percent change between intact and nucleotomy parameter values at respective 
loading history state. To include the sample with no measured T2 relaxation time in 
the degeneration analysis, its T2 relaxation time was estimated based on its 
Pfirrmann grade and the regression line calculated from the other 14 samples. The 
effects of nucleotomy on disc height and creep strain were analyzed using paired 
Student’s t-test. Significance was set at p < 0.05.  
3.3 Results 
No visible tissue degradation was observed throughout the test. Intact disc 
area was 1528±254 mm2 and disc height was 8.6±2.3 mm. Qualitatively, both 
nucleotomy and cyclic loading affected the load-displacement response of the disc 
(Figure 6). All mechanical data, with the exception of disc height, was normalized 
by disc geometry. 
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Figure 6: Force displacement curves for a single sample over the course of the 
experiment. Cyclic loading increased range of motion and decreased 
neutral zone modulus, which recovered following hydration. Nucleotomy 
increased range of motion while decreasing stiffness and the amount of 
change in mechanical parameters caused by cyclic loading. 
 
3.3.1 Effects of Cyclic Loading Followed by Hydrated Recovery 
For intact samples, 10,000 cycles of compressive loading increased 
compressive modulus by 3% and increased compressive strain by 33% (Figure 
7A&B). Neutral zone properties were also affected by compressive cyclic loading, 
which decreased neutral zone modulus by 52% and increased neutral zone strain by 
31% (Figure 7C&D). Unloaded hydrated recovery caused neutral zone modulus and 
neutral zone strain to return to initial values (Figure 7C&D). However, 
unexpectedly, compressive modulus decreased 9% from initial and compressive 
strain remained elevated by 16% after unloaded recovery compared to initial values 
(Figure 7A&B).  
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Figure 7: Disc mechanical properties are altered by cyclic loading (cyclic) and 
generally recover after unloaded hydration (recovery). These changes 
mimic naturally occurring diurnal changes. Nucleotomy reduced the 
hydration effects on mechanical properties. In particular, nucleotomy 
reduced the percent change between the Initial and Cyclic hydration 
states for compressive strain (B), neutral zone modulus (C), and neutral 
zone strain (D). *p < 0.05 vs. initial, +p<0.05 vs. cyclic, # p<0.05 vs. intact. 
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Degeneration did not significantly affect cyclic loading in intact samples (p > 
0.05). However, following nucleotomy, degeneration influenced cyclic loading 
effects in compressive strain, neutral zone modulus, and neutral zone stiffness 
(Figure 8). Specifically, samples with lower T2 relaxation times (more degenerate 
samples) had greater increases in compressive strain between the initial and cyclic 
time points (r = -0.53, p = 0.04) and similarly had larger decreases in compressive 
strain between the cyclic and recovery time points (r = 0.54, p = 0.04) (Figure 8B). 
More degenerate samples also experienced greater changes in neutral zone 
mechanics. Low T2 relaxation times corresponded to greater decreases in percent 
change of neutral zone modulus (r = 0.72, p = 0.002) and increases in percent 
change of neutral zone strain (r = -0.70, p = 0.004) between the initial and cyclic 
time points (Figure 8C&D). These greater changes between the initial and cyclic 
time points were matched by similar greater magnitudes of restoration towards 
initial values between the cyclic and recovery time points.  
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Figure 8: Impact of degeneration on the percent change of mechanical parameters 
caused by cyclic loading in nucleotomy samples. More degenerate samples 
(Lower T2 Relaxation Time) experienced non-significant increases in 
compression modulus (A) and significant increases in both compression and 
neutral zone strain (B&D) as a result of 10,000 cycles of compressive 
loading, and proportional decreases following unloaded recovery. More 
degenerate samples also experienced greater decreases in neutral zone 
modulus (C) following cyclic compressive loading and corresponding greater 
recoveries following unloaded recovery. 
Figure 9: Nucleotomy decreased disc height and increased creep strain. 
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3.3.2 Effects of Nucleotomy 
Nucleotomy reduced disc height by 9% and caused a 29% increase in creep 
strain (Figure 9). Compression apparent modulus decreased 19, 15, and 9% at the 
initial, cyclic, and recovery time points, respectively ( Figure 10A) and was 
accompanied by corresponding increases in compressive strain of 38, 19, and 19% ( 
Figure 10B). Nucleotomy decreased neutral zone modulus by 16 and 13% ( Figure 
10C) at the initial and recovery time points, but increased it by 31% at the cyclic 
loading condition. The procedure also caused increases in neutral zone strain of 18, 
11, and 15% at the three loading conditions ( Figure 10D). These findings indicate 
that nucleotomy induces hypermobility regardless of the disc’s hydration state. 
Sample degeneration did not affect the changes caused by nucleotomy (p > 0.28).  
Following nucleotomy, cyclic loading affected the compressive and neutral 
zone mechanical properties in the same direction as the intact samples (e.g. 
compressive modulus increased for both intact and nucleotomy samples), but 
change in magnitudes were different. Specifically, after nucleotomy, cyclic loading 
increased compressive modulus by 7% and compressive strain by 15%. Neutral 
zone modulus decreased by 25% and neutral zone strain increased by 23%. For 
nucleotomy samples, all mechanical parameters returned to initial values following 
a period of unloaded hydrated recovery (Figure 7A-D). 
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 Figure 10: Nucleotomy decreased compression modulus (A), increased 
compressive strain (B), decreased neutral zone modulus at the initial and 
recovery hydration states and increased neutral zone modulus at the 
cyclic hydration state (C), and increased neutral zone strain (D). These 
findings indicate that nucleotomy induces hypermobility regardless of the 
disc’s hydration state. Solid = Intact, Checkered = Nucleotomy. *p < 0.05, 
#p < 0.1  
3.3.3 Interaction of Nucleotomy and Cyclic Loading 
There was a significant interaction between nucleotomy and loading history 
for compression modulus, compression strain, and neutral zone modulus. 
Nucleotomy increased the magnitude of the percent increase in compression 
modulus caused by cyclic loading (Figure 3, step 3) from 3% for intact samples to 
7% following nucleotomy (Figure 7A). However, the procedure also reduced the 
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percent change caused by cyclic loading in compression strain from 33% for intact 
samples to 15% (Figure 7B) and percent change in neutral zone modulus decreased 
from 52% for intact samples to 25% following nucleotomy (Figure 7C). Nucleotomy 
also affected the trends caused by unloaded recovery (Figure 3, step 5). 
Compressive modulus decreased by 12% following unloaded recovery for intact 
samples, but was only 5% lower for nucleotomy samples. For intact samples, 
compressive strain decreased by 12% following unloaded recovery, which 
increased to 13% for nucleotomy samples. Unloaded recovery increased neutral 
zone modulus by 94% for intact samples, but only 29% for nucleotomy samples.  
3.4 Discussion  
The first study objective was to determine the effects of physiological cyclic 
loading followed by unloaded recovery on the mechanical response of human 
intervertebral discs. We determined that human discs were less affected by cyclic 
loading than animal models in previous studies and that cyclic loading affected 
neutral zone properties more than compressive properties. The second objective 
was to examine how nucleotomy alters the disc’s mechanical response to cyclic 
loading. We found that partial removal of the nucleus pulposus decreases 
intervertebral disc modulus while increasing strain (range of motion), which 
corresponds to hypermobility. Nucleotomy also mitigated cyclic loading effects on 
mechanical properties, indicating altered fluid flow. This altered fluid flow may in 
turn affect cellular mechanotransduction and transport of disc nutrients and waste.  
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In human discs, cyclic loading and hydrated recovery affected both 
compressive and neutral zone properties. For example, cyclic loading increased 
compressive modulus by 3% while recovery decreased it by 12% (Figure 7A). This 
is lower than the 15-33% changes seen in bovine and ovine tests.64; 71 However, the 
lower magnitudes were expected because the mechanical changes are due to 
redistribution of fluid within the disc and human discs have a lower fluid content 
than the animal discs.2; 64  
Cyclic loading caused greater changes in neutral zone properties than 
compressive properties (Figure 7). Cyclic loading effects on neutral zone properties 
have not previously been reported; however, the role of the nucleus is more 
pronounced in the neutral zone than at higher loads.25 Given that cyclic loading 
causes fluid to be either redistributed within or extruded from the disc and that the 
NP has higher water content than the annulus,10; 64 higher fluid flow from the 
nucleus may explain why neutral zone properties were more affected by cyclic 
loading than compressive properties.  
An intriguing result of the study is the limited role degeneration plays in 
affecting the disc’s mechanical response to cyclic loading and hydrated recovery. 
Degeneration was correlated with cyclic loading effects after nucleotomy (Figure 8), 
with more degenerate samples experiencing greater increases in both compressive 
and neutral zone strain following cyclic loading. However, degeneration was not 
correlated with the acute changes of nucleotomy or effect of cyclic loading in intact 
discs. The more disorganized annular structure of the degenerate samples likely 
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permits greater redistribution of fluid than is possible for intact samples, which was 
magnified by the nucleotomy incision.48; 90 This finding has clinical relevance, 
indicating that nucleotomy causes more hypermobility in extended physiological 
loading for degenerate discs than non-degenerate discs.  
The acute effects of nucleotomy were a loss of disc height, decrease in both 
compressive and neutral zone modulus, and increase in compressive and neutral 
zone range of motion (Figure 9 &  Figure 10). Decreased disc height and increased 
range of motion caused by nucleotomy indicate that in order to compensate for the 
disc’s altered mechanical loading following nucleus depressurization (via age-
related proteoglycan loss, herniation, or discectomy) the remaining annulus and 
surrounding spinal elements must resist more motion. This could induce back pain 
by placing additional stresses on these innervated structures and advancing the 
degenerative cascade. In addition, spinal motion of the treated and adjacent levels 
may be altered if facet joints induce flexion moments within the disc. Also, the 
mechanical changes of nucleotomy are similar to the mechanical changes of natural 
degeneration. Thus, nucleotomy is a potential platform for evaluating mechanically 
based spinal treatments, such nucleus pulposus replacement.105; 118; 154  
Our measured acute effects of nucleotomy are comparable to literature 
values. Specifically, our measured disc height loss of 0.8 mm for 1.71 g of NP 
removed is comparable to a reported height loss of 0.5 mm for 1.75 g removed.151 
Our observation that nucleotomy initially causes a 0.35 mm increase in compressive 
range of motion is lower than literature values of 0.6-0.8 mm.42; 104 However, these 
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studies also applied higher compressive loads, which may account for some of this 
difference. In addition, the unique geometry of the L5-S1 disc relative to the other 
lumbar levels used in the existing literature may further explain these differences. 
Our observed 20% decrease in compressive stiffness fits within the literature range 
of 3-50% decrease for trans-annular nucleotomy studies.25; 83 However, trans-
endplate nucleotomy did not affect compressive stiffness,63 which suggests that the 
decreased compressive stiffness caused by nucleotomy may be more the result of 
the annular injury than the removal of the nucleus. This is corroborated by existing 
literature that shows the annulus plays a significant role in supporting compressive 
loads.58; 146  
It’s interesting that the NZ modulus at the cyclic time point is higher for the 
nucleotomy sample than for the intact samples ( Figure 10C). The higher modulus 
after nucleotomy may be attributed to fluid flow through the annular nucleotomy 
incision. In intact samples, the annulus serves as a barrier for fluid flow to and from 
the nucleus. The incision may increase permeability or create a fluid flow channel in 
the injury region.90 As a result, following nucleotomy, PBS from the bath may more 
freely enter and exit the disc. Thus, the neutral zone modulus of nucleotomy 
samples at the cyclic time point may be higher than intact samples because there is 
more PBS within the nuclear region.  
In addition to the acute effects of nucleotomy, we also found that nucleotomy 
reduced cyclic loading effects. This is clearly seen in the reduction of percent change 
between cyclic and recovery values for compressive modulus (12 to 5%) and 
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neutral zone modulus (94 to 29%) (Figure 7A&C). Reduced effects of cyclic loading 
indicate altered fluid flow, which has two significant ramifications. First, it alters the 
stresses and strains experienced by the disc’s cells, potentially altering cellular 
mechanotransduction and subsequent protein synthesis.121 This in turn, may alter 
the discs biochemical composition and mechanical function.13 The second potential 
effect of altered fluid flow is modified nutrient delivery and waste removal. The 
intervertebral disc is a largely avascular tissue and, as a result, its cells are 
dependent on nutrient diffusion.93; 139 Thus, any alterations to the delivery 
mechanism have the potential to create wide-reaching effects. 
The failure of compressive modulus and compressive strain to return to 
initial values for the intact samples (Figure 7A&B) indicates a study limitation in 
that cyclic loading may have caused some non-recoverable damage to the annulus 
fibrosus. However, following annular nucleotomy, the compressive properties at the 
initial and recovery hydration states are identical. This suggests the damage caused 
to the intact samples is due to resisting fluid flow through the annulus, because 
following nucleotomy fluid had a less obstructed pathway. This potential annular 
damage was unexpected because it was not seen in previous ovine studies with 
similar loads or in the preliminary studies for this work.64; 80 However, most of the 
human tissue used was moderately degenerated, in contrast with the non-
degenerate samples used in animal studies. This initial degeneration may have 
caused the samples to be more susceptible to injury. In contrast to compressive 
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properties, cyclic loading effects in neutral zone properties were completely 
recoverable following hydration.  
This study has demonstrated that cyclic loading increases compressive 
modulus, compressive strain, and neutral zone strain while decreasing neutral zone 
modulus. These changes are the result of altered hydration levels caused by the 
cyclic loading protocol and are similar to naturally occurring diurnal changes. 
Nucleotomy reduced disc height and modulus while increasing range of motion. In 
addition to these acute changes, nucleotomy also reduced the difference between 
mechanical properties before and after cyclic loading. The observed changes in 
mechanical behavior induced by nucleotomy are similar to naturally occurring 
degenerative changes. Results of this study provide an ideal protocol and control 
data for evaluating the effectiveness of a mechanically-based disc degeneration 
treatment, such as a nucleus replacement.  
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CHAPTER 4: Effect of Hydrogel Implant on Cyclic Loading of 
Human Discs 
4.1 Introduction 
Despite the prevalence of disc degeneration and its contributions to low back 
problems, many current treatments are palliative only and ultimately fail.9; 79; 113 The 
current gold standard for surgical treatment is fusion, in which the disc is removed 
and the adjacent vertebral bodies are fused.113 While often boasting initial 
successful outcomes, such as reducing Oswerty Disability Index, the procedure also 
inherently restricts natural movement and accelerates the degenerative process in 
adjacent disc levels.56; 91 More recently, total disc replacements have sought to treat 
low back problems while retaining motion.16 However, current replacements do not 
match native non-degenerative mechanical function, are subject to wear and failure, 
and resection is associated with risk of significant complications.38; 73 The 
pervasiveness of disc degeneration coupled with the failures and complications 
associated with the current treatments indicate a pressing need for improved 
treatments that permit the disc to perform its primarily mechanical functions.  
Nucleus pulposus replacements designed to treat early stages of 
degeneration while maintaining or restoring disc mechanics are under 
development.76; 105; 109; 115 In this chapter, we evaluated an in situ gelable, triple-
interpenetrating-network hydrogel nucleus replacement. The gel is composed of n-
carboxyethyl chitosan, oxidized dextran, and teleostean and is well suited as a 
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nucleus replacement in part because after mixing it solidifies rapidly at body 
temperature and demonstrates increased resistance to biodegradation relative to 
single-network hydrogels.160 It has also recently been demonstrated that the gel 
maintains cell viability, promotes proliferation, and has mechanical properties 
similar to native human nucleus pulposus.128 A similar hydrogel restored 
compressive range of motion in single-cycle tests of injured ovine discs.80 However, 
it remains unknown if this hydrogel implant will be contained in more extensive 
mechanical tests and if it will restore mechanics in injured human discs.  
Mechanical evaluation of nucleus replacements often focuses on the intrinsic 
mechanical properties of the gel and its immediate effects on disc mechanical 
response.32; 35; 107; 114; 127 More extensive mechanical testing is completed with the 
aim of testing failure properties.17; 54 While not commonly used, moderate cyclic 
loading of discs followed by unloaded hydrated recovery is a valuable testing 
modality because it is more rigorous than single cycle tests and captures elements of 
the time-dependent mechanical response critical for daily function.63; 125 Within the 
disc, interplay between osmotic pressure and external loads causes 20–25% of the 
disc's water content to be expressed and re-imbibed daily (Sivan et al., 2006). 
Reduced hydration decreases disc height, increases stiffness, and increases range of 
motion, with properties returning to baseline after rehydration (Adams et al., 1990; 
Wilke et al., 1999). Cyclic loading followed by hydrated recovery in human discs 
mimics this naturally occurring diurnal response.125 In a previous study that used 
cyclic loading to evaluate a hydrogel implant in injured porcine discs, the implant 
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demonstrated recovery of angular stiffness and disc height.14 However, that study 
did not evaluate the effects of hydrated, unloaded recovery and thus could not 
evaluate the time-dependent mechanical response. Also, human discs have greater 
degeneration and lower water content than animal discs, which may affect an 
implant’s ability to improve disc function. The objective of this chapter was to 
determine if the hydrogel implant will be contained and if it will restore mechanics 
in human discs undergoing physiologic cyclic compressive loading with unloaded 
hydrated recovery.  
4.2 Methods 
Fourteen human lumbar spine segments were tested using physiologic cyclic 
compressive loading while intact, following nucleotomy, and again following 
treatment of injecting either PBS (sham, n=7) or hydrogel (implant, n=7).  
4.2.1 Sample Preparation and Mechanical Testing 
Fourteen human lumbar spine segments with a mean donor age of 49.5 years 
(22-75 years) were obtained from institutionally approved sources. These are the 
same samples that were used in for the nucleotomy cyclic loading experiment 
described in the previous chapter.  
4.2.3 Treatment 
Samples were separated into sham and implant groups based on blocked 
randomization of intact initial compressive strain. Prior to injection, discs were 
hydrated in PBS at 37°C. Both sham and implant groups received an injection to fill 
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the void created by nucleotomy (0.5±0.02 mL). The nucleus pulposus remaining in 
the disc following during nucleotomy expanded during rehydration and as a result, 
less material was injected than was removed. Sham samples (n=7) received an 
injection of the PBS, while the implant group (n=7) received an injection of the 
hydrogel implant. The hydrogel implant was created by mixing aqueous solutions of 
20% teleostean, 3% N-carboxyethyl chitosan and 7.5% oxidized dextran were at a 
ratio of 1:1:2.160 Toluidine blue was mixed in the aqueous solution of teleostean 
before mixing the hydrogel components to permit visualization of the implant. After 
injection, both sham and implant groups were placed in a PBS bath held at 37°C to 
allow the implant to cure. It is likely that the PBS from the sham injection and the 
bath were interchanged during this period. However, the implant mixture cured 
sufficiently in the few minutes prior to placement in the PBS bath that the gel was 
not observed to be dispersed in the bath during the curing period. Afterwards, 
samples were mechanically tested as described in section 3.2.2.  
4.2.4 Data Analysis and Statistics 
Disc height, creep during cyclic loading, compression modulus, and 
compression strain were defined and calculated as described in section 3.2.4.  
The effects of treatment (Sham and Implant) and loading history (Initial, 
Cyclic, and Recovery) on the mechanical parameters (compression modulus and 
compression strain) were analyzed using a 2-Way ANOVA with repeated measures 
for loading history. Significant treatments and loading histories were analyzed with 
a Sidak’s Multiple Comparison Test.  
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Degeneration effects on cyclic loading for implant and sham groups were 
examined using linear correlations between T2 relaxation time of the intact samples 
and the percent change of parameters between the initial and cyclic time points of 
the treated samples. Similarly, degeneration effects on the changes caused by sham 
or implant treatment were analyzed by performing linear correlations between 
intact T2 relaxation time and the percent change between nucleotomy and treatment 
parameter values at their respective loading history state (initial, cyclic, or 
recovery). To include the sample with no measured T2 relaxation time in the 
degeneration analysis, its T2 relaxation time was estimated based on its Pfirrmann 
grade and the regression line calculated from the other 13 samples.  
The effect of treatment on creep strain was analyzed using a Student’s t-test. 
Because data was taken at multiple time points for each sample, all statistical tests 
except for the direct comparison between sham and implant samples used repeated 
measured or paired statistics; that is, the statistical tests evaluated if the mean 
change per sample between time points was non-zero. Significance for all tests was 
set at p < 0.05.  
4.3 Results 
No visible tissue degradation was observed at the end of mechanical testing 
and no nucleus pulposus material was ejected from the sham discs. More 
importantly, the hydrogel implant was not ejected from the disc during testing and 
was undamaged when discs were bisected following all mechanical tests (Figure 
11). As seen in the figure, implant material interdigitated with the surrounding disc 
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tissue. However, no physical bonds were formed between the nucleus pulposus and 
the implant, and minimal force could separate the gel and disc tissue. Intact disc 
area was 1543±233 mm2 and disc height was 8.6±2.4 mm. Samples were separated 
by blocked randomization based on the compression strain of the intact disc at the 
initial time point. Intact initial compression strain for the sham group was 0.12±0.05 
and for the implant group was 0.11±0.05, which was not statistically different (p = 
0.74). All mechanical data presented is normalized by disc geometry as described in 
the methods section. 
 
Figure 11: Bisected human L5-S1 disc after complete mechanical test, including 
10,000 cycles of compressive loading. The hydrogel implant stayed intact 
within the disc, although some of the toluidine blue used to dye the gel 
leached into the surrounding disc tissue. The enlarged region shows that 
the implant (dark blue in lower left corner of inset) filled in the irregular 
contours of the remaining nucleus pulposus (light blue surrounding 
tissue).  
4.3.1 Effect of Cyclic Loading Followed by Hydrated Recovery 
Cyclic loading increased the compression modulus by 8.7±2.8% from 6.7±2.7 
MPa for the sham group and by 5.5±4.1% from 7.8±2.8 MPa for the implant group 
(Figure 12A). Similarly, cyclic loading increased compressive strain by 14.4±13.4% 
from 0.17±0.08 for the sham group and by 13.7±9.7% from 0.15±0.09 for the 
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implant group (Figure 12B). The differences in initial values and percent increases 
between the sham and implant samples were not significant. Changes in 
compression modulus completely recovered following a period of unloaded 
hydrated recovery (Figure 12A). Compression strain partially recovered, with 
compression strain remaining 7.3±7.9% higher than initial for sham samples and 
7.8±7.5% higher for implant (Figure 12B). These trends were similar to those seen 
for samples while they were intact and following nucleotomy.125  
 
Figure 12: Cyclic loading caused an increase in compression modulus (A) and 
compression strain (B) for both sham and implant samples. These 
increases were recovered following a period of overnight hydration, 
indicating that the changes are due to changes in hydration distribution 
within the intervertebral disc. Recoverable increases in compression 
modulus and strain are consistent with trends in intact and nucleotomy 
samples. Data presented as mean + standard error. * indicates p < 0.05 
4.3.2 Effect of Sham and Implant Treatment 
Nucleotomy previously caused a 43% increase in creep strain from the intact 
value of 0.12±0.08 mm/mm (Figure 13A).125 For sham samples, creep strain further 
increased by 15% from nucleotomy, while for implant samples creep strain 
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decreased by 3% (Figure 13B). The difference in creep strain between implant and 
sham groups was statistically significant. Nucleotomy decreased compression 
modulus 19% from initial intact value of 8.9±2.8 MPa and increased compression 
strain 38% from 0.12±0.04 mm/mm.125 Compression modulus was not affected by 
either sham or implant treatment (p > 0.2) (Figure 14A). For sham samples, 
compression strain was 4.6±7.6% and 7.3±7.6% higher than nucleotomy values at 
the cyclic and recovery time points (Figure 14B). For implant samples, compression 
strain was 4.3±8.9% and 5.0±8.9% higher than nucleotomy values at the cyclic and 
recovery time points (Figure 14B). The difference in compressive strain between 
sham and implant samples was not significant (p > 0.9).  
 
Figure 13: Nucleotomy increased creep strain (A). Following treatment, strain 
continued to increase for sham samples, but decreased for implant 
samples (B). Data presented as mean + standard error.  * indicates p < 
0.05 
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Figure 14: Percent change from nucleotomy values for sham and implant samples. 
Treatment caused no change in compression modulus (A). Compression 
strain continued to increase for both sham and implant samples at the 
cyclic and recovery time points (B). Data presented as mean + standard 
error.  + indicates p < 0.05 vs. nucleotomy values  
4.3.3 Effect of Degeneration 
For implant samples, intact T2 relaxation time was correlated with the 
amount of change in compression modulus caused by cyclic loading (Figure 15). 
There was a larger effect of the implant in more degenerated discs (e.g., those with a 
lower T2 relaxation time), with a slope of -0.076 % change/ms and an intercept of 
15.7%. This correlation was not significant for the intact and nucleotomy controls of 
the implant group (p > 0.4, Figure 15). There were no other significant correlations 
between T2 relaxation time and mechanical parameters for the sham or groups (p > 
0.25).  
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Figure 15: Percent change in compression modulus between the initial and cyclic 
time point for the samples in the implant group. This correlation was not 
significant for the samples while they were intact or following 
nucleotomy, but was significant following injection of the hydrogel. The 
slope (m) and y-intercepts (b) of the regression are show in the legend.  
4.4 Discussion 
The hydrogel implant presented in this work successfully remained intact 
and contained in human discs under physiologic cyclic compressive loads and had a 
positive impact on the mechanical response of the disc. Implant expulsion has been 
a significant problem with nucleus pulposus replacements for both human and 
animal studies, with expulsion rates as high as 33%.7; 8 Some research groups have 
addressed this problem by developing annular repair techniques such as sutures or 
cyanoacrylate glue, but the long-term efficacy of such repairs has not been 
established.23; 54 In this study, the hydrogel remained intact throughout the 10,000 
cycles of compressive physiologic loading without repairing the large cruciate 
incision created during the nucleotomy procedure, which is due in part to the 
interdigitation of the gel with the disc (Figure 11). This successful result merits 
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further implant retention testing in more rigorous loading modalities such as 
bending and torsion.  
The implant successfully preserved the disc’s creep response, while creep 
strain for the sham group continued to increase the strain for the implant group 
remained constant (Figure 13). Increased creep strain indicates lower disc height 
for a given applied load, which in turn alters spinal motion and potentially affects 
low back pain.92 The increased strain for the sham samples indicates that the 
mechanical test was damaging the tissue. The damage is probably due in part to the 
depressurization of the nucleus pulposus, which forces the annulus to carry more of 
the load. This finding is consistent with previous nucleotomy experiments.80 The 
creep response for implant samples did not return to intact values. However, this 
was anticipated given that the implant did not restore the disc pressure lost in the 
injury procedure. The implant’s ability to preserve the creep response is a positive 
outcome for this mechanically based treatment.  
The significant correlation between degeneration and the effect of cyclic 
loading on the implant samples highlight the decrease in annular function with 
degeneration. Although the regression lines for the intact and nucleotomy tests of 
the same samples are similar to that of the implant treatment, the variability 
inherent in biological samples prevented the trends from being statistically 
significant (p > 0.4). When that biological tissue was replaced with a consistent, 
synthetic material, the variability seemed to decrease and correlations became 
significant. More degenerate discs (those with lower T2 relaxation times), 
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experienced greater changes in modulus as a result of cyclic loading (Figure 15). As 
changes in cyclic loading are largely due to redistribution or expulsion of fluid 
within the disc,125 greater changes in cyclic loading properties suggests that the 
annulus fibrosus of the degenerate samples is more permeable and less structurally 
coherent than those non-degenerate discs. The correlation also demonstrates that 
the hydrogel implant does not compensate for existing degenerative changes in the 
annulus. This is an expected result, and indicates that a nucleus replacement would 
be most beneficial for discs that had undergone degenerative changes in the nucleus 
pulposus, but prior to the more severe changes that subsequently occur in the 
annulus.  
The implant did not alter the stiffening effects, and subsequent recovery, 
caused by cyclic loading followed by unloaded recovery (Figure 12). Following 
nucleotomy, cyclic loading caused a 7% increase in compressive modulus and a 15% 
increase in compressive range.125 In this work, neither the implant nor sham 
samples altered the cyclic loading effect. Although this process is an important 
aspect of the disc’s in vivo diurnal cycle, the effect of a nuclear implant on those 
compressive properties has not been previously been studied. As a result, it is not 
known whether other nuclear replacement treatments currently under 
development preserve cyclic loading effects. As noted above, these responses may 
be governed more by the annulus fibrosus. It is also possible that the testing 
frequency of 0.2 Hz did not capture changes in compressive properties that would 
be more evident at different frequency. In part, this is because the cyclic loading 
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effects are likely due to fluid distribution within the disc, and the rate at which 
redistribution occurs has not been studied extensively. Also, one of the primary 
mechanical functions of the intervertebral disc is to absorb energy, and this 
damping capacity would be affected by testing frequency. In future studies, it would 
be interesting to evaluate how the mechanical response of the intact, nucleotomy, 
and treated discs in various frequencies. 
Maintaining disc mechanical properties represents a significant 
improvement over current surgical procedures, which do not maintain or restore 
native disc mechanical behavior.38; 56; 91 In addition, in situ curable nucleus pulposus 
implants, such as this hydrogel, mimic native nucleus function by creating more 
uniform stress distributions within the disc than other surgical implants.33 By 
mimicking native function, the implants may prevent additional damage to the 
annulus fibrosus. Also, these injectable implants are less invasive than conventional 
surgeries. This is of particular importance given that repair and regeneration within 
the disc is limited because of its avascular nature and low cell content.78; 140 Finally, 
treatment with an injectable implant does not preclude future surgical 
alternatives.33  
Unexpectedly, the hydrogel implant did not restore compressive strain in the 
human discs (Figure 14B), despite restoring compressive strain when implanted in 
ovine discs.80 This difference may be attributed to a combination of factors, 
including the degenerate human annular tissue, the annular nucleotomy injury, and 
the quantity of hydrogel injected. The human discs used in this study are more 
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degenerate than the ovine discs used in the previous study in which compressive 
range of motion was restored.80 As a result, the hydrogel implant may have been 
less beneficial because the surrounding tissue already had degraded mechanical 
properties. Also, the nucleotomy incision depressurized the nucleus pulposus, which 
prevents the implant from functioning in the same manner as the native nucleus. 
While the nucleotomy injury was required as a negative control for this study, the 
implant could be delivered with a much smaller injury in clinical practice, thus 
avoiding disc depressurization. Finally, in the previous ovine study a greater than 
1:1 ratio of implant to nucleotomy volume was delivered. Here however, there was a 
reduced amount of implant (0.5 mL) compared to nucleus pulposus removed (1.7 
mL), a less than 1:3 implant to nucleotomy ratio. This may have prevented some of 
the beneficial effects of the hydrogel implant. This reduced implant amount may 
have occurred because samples underwent three periods of overnight hydration in 
PBS between the nucleotomy procedure and treatment injection. The nucleus 
pulposus has been shown to swell up to 200% or more in its initial volume.60 As a 
result, the remaining nucleus tissue may have expanded to partially fill to 
nucleotomy void prior to receiving the implant. The hydration steps between 
nucleotomy and treatment were necessary for this study to establish the 
nucleotomy samples as an injured control. However, those steps are unique to this 
study, and in future implementation of the hydrogel, the implant will be placed 
immediately following nucleotomy.   
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While implant retention is a significant biomechanical benchmark, it is also 
encouraging regarding the broader goal of using an injectable hydrogel as a 
restorative therapy for treating disc degeneration. Bench tests in this gel and others 
have shown that MSCs within hydrogels can differentiate along a chondrogenic 
lineage, with aggrecan and collagen production.72; 128 MSCs embedded in a hydrogel 
maintained metabolic activity 7 days after injection into porcine discs.106 The 
interdigitation of the current hydrogel with the surrounding disc tissue provides 
interface for collagen, aggrecan, and other extra-cellular matrix components 
produced by MSCs coinjected with an implant to interact with and reinforce the 
remaining disc tissue. This reinforcement is an important aspect of establishing 
hydrogel implants as a restorative therapy for treating disc degeneration and will be 
the focus of future work.  
Previous work on the hydrogel implant has shown that it has properties 
similar to native nucleus pulposus, can restore compressive range of motion in 
ovine discs, is biocompatible, promotes cell proliferation, and has the potential to 
incorporate pharmaceuticals.32; 80; 128 This chapter expands on those findings by 
showing that the implant interdigitates with the surrounding disc tissue and was 
not expelled during 10,000 cycles of compressive loading and preserves disc creep 
within human L5-S1 discs. These experimental findings provides a solid foundation 
for continuing to evaluate the efficacy of the hydrogel implant to functionally 
regenerate the nucleus pulposus. 
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CHAPTER 5: CREATION OF DISC STRAIN TEMPLATE  
5.1 Introduction 
As has been mentioned previously, the intervertebral disc supports 
significant loads while simultaneously permitting spinal mobility. However, injury 
and degeneration alter disc structure and composition, which in turn affects disc 
function and the motion of the surrounding spinal column. Tissue strain is an 
important indicator of mechanical function in load-bearing joints such as the 
intervertebral disc. Internal disc strains can be used to study healthy disc function 
and degeneration, to identify injurious loading conditions, and to design and 
evaluate therapeutic interventions.  
The disc’s structure of a pressurized gelatinous nucleus pulposus surrounded 
by the layered fiber reinforced tissue of the annulus fibrosus hinders direct 
measurement of internal disc strain. The earliest experiments measuring internal 
disc strain relied on invasive methods such as bisecting the disc or tracking markers 
inserted within the disc.88; 89; 120 However, because invasive methods cause 
structural modifications that inherently alter strain, these measurements may not 
accurately reflect the native tissue strains. To overcome these difficulties, a number 
of recent studies have used magnetic resonance imaging (MRI) to non-invasively 
measure internal deformation under static load.18; 30; 45; 102 These studies have 
measured internal strain in two dimensions limited to a plane of interest, typically a 
mid-coronal, sagittal, or axial plane. This method, while non-invasive, may be 
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limited due to out-of-plane motion during loading. Moreover, to date these studies 
have not captured strain in the damage-prone regions of the disc, such as the 
posterolateral annulus fibrosus.142 To address these challenges, we recently used 
ultra-high field MRI and image registration to measure three dimensional internal 
strain of human intervertebral discs undergoing static axial compression.157 MR 
images were acquired with 0.3 mm isotropic resolution and the resulting strain 
maps provide unparalleled definition of the internal mechanical response of the 
disc.  
The large amounts of data provided and the variability between individual 
discs in the 3D data set has made discerning group-relevant trends difficult.157 
Within the field of neuroimaging, the challenge of individual variation is addressed 
by using data from several individuals to create templates, which are essentially 
averages of the imaging data.36; 69; 108; 141; 155; 158 These templates may be single-
modality, meaning that they are derived from a single imaging source, or they may 
be multi-modality, by utilizing information from multiple sources such as standard 
MRI and Diffusion Tensor Imaging.11; 75 Because templates minimize individual 
variation in order to highlight key population traits, they are ideally suited for 
analyzing the recently acquired 3D disc images and strain maps.  
Finite element models (FEMs) are ideal for validating the disc strain template 
method because they are regularly used to examine  the entire disc stress-strain 
profile.99; 100; 111; 119 We recently created a biphasic disc FEM using the average 
geometry of L4-L5 disc and region specific tissue properties obtained from a wide 
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range of experiments.34; 62 This FEM was validated by comparing its calculated disc-
level mechanical response to experimental compressive slow loading ramp, creep, 
and stress-relaxation tests. Because this model has undergone rigorous validation of 
the disc’s nonlinear compression response, it is well suited for comparison to a 
template of MRI calculated internal strains. The objective of this study was to use 
previously acquired 3D MRI strain data157 to create an internal disc strain template 
based on a sample set of discs undergoing physiologically relevant compressive 
loading. We hypothesized that strains would be highest in the posterolateral and 
posterior regions of the disc. For validation of the strain template technique, 
template results were compared to a recently created finite element model.62 
Creating a 3D internal disc strain template marks significant progress towards 
quantifying internal disc strains, which in turn can be used to study normal and 
degenerate disc function and to design and evaluate therapeutic interventions.  
5.2 Methods 
5.2.1 Template Creation Overview 
The disc strain template was created using a process similar to multi-
modality templates.11; 28 First, multiple MR images of the disc and corresponding 
strain maps were acquired (Figure 16A). Next, a disc anatomical template was 
created using the MR images (Figure 16B). During that process, the 
transformations (T1, T2, …, Tn) between the individual discs and the anatomical 
template were calculated. Those transformations were used to map the sample 
strains to the template space (Figure 16C). Finally, the transformed sample strains 
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were averaged to create the disc strain template. In this study, these steps were 
completed using three dimensional images, strain maps, and transformations. The 
template creation process is described in more detail below.  
 
Figure 16: Disc strain template creation process. First, MR images of individual 
discs are acquired and subject strain maps are calculated (A). Next, the 
MR images are used to create a disc anatomical template (B). The 
transforms from the subject discs to the template are saved (T1, T2, …, Tn). 
Those transforms are used to map the subject disc strains to the template 
space, which are then averaged to create the disc strain template (C). 
Although images shown are two dimensional, the process is identical in 
three dimensions.  
5.2.2 Data Acquisition 
Internal three-dimensional strains maps were recently created for seven 
grade III human L4-L5 discs (Figure 16A).157 In that experiment, bone-disc-bone 
samples were prepared by removing the posterior elements and then potting the 
samples in PMMA. For testing, a sample was placed in a loading rig and 50N of axial 
compression was applied using a servohydraulic tester (Instron 8874, Norwood, 
MA) to prevent overhydration. The loading rig was then used to fix the displacement 
and to transfer the sample to a 7T whole-body MR scanner (Magnetom, Siemens 
Medical Solutions, Malvern, PA) and imaged. Three-dimensional images with 0.3 
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mm isotropic resolution were acquired with a sequence designed to enhance 
lamellar contrast (Turbo Spin Echo, TR/TE = 3000/34 ms, ETL = 7). After imaging, 
the sample was loaded to -3.6 ± 1.5% axial strain for 3 hours, after which the 
resulting displacement was fixed and the sample was reimaged using the same 
parameters. The sample was then loaded and imaged at -7.1 ± 2.9% and -10.3 ± 
3.5% strain. Only experimental data acquired in the preload (50N) and -10.3 ± 3.5% 
steps were used to create the disc template and in this study are refered to as the 
reference and loaded images, respectively. Peak stress as a result of the -10.3 ± 3.5% 
applied strain was 0.35 ± 0.22 MPa, which is comparable to the stresses experienced 
in a wide range of daily activities such as sitting, walking, and climbing stairs.153  
Strain within the annulus fibrosus was calculated by using Advanced 
Normalization Tools (ANTs) to register the reference and loaded images.12; 95; 136 
Due to the lack of contrast within the nucleus pulposus region and because of 
decreasing signal-to-noise ratio with distance from the RF coil, strain was only 
calculated in the two-thirds of the annulus fibrosus facing the coil. In the original 
experiment, samples were imaged with either the left or right lateral side facing the 
coil. To create the template, images acquired with the right lateral side of the disc 
facing the coil were flipped. This was done for three of the seven image and strain 
sets used so that the regions of high signal intensity were matched between all 
seven data sets.  
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5.2.3 Disc Anatomical Template 
From each reference image,  the disc was manually segmented from the bone 
and image background using ITK-Snap.159 The disc-only images were then used to 
create a disc anatomical template using an optimization algorithm in ANTs (Figure 
16B). The algorithm iteratively adjusted the template shape with the objective of 
minimizing the magnitude of the transformations between the sample discs and the 
template. The transformations were diffeomorphic, which means they were smooth, 
differentiable, and invertible.   
Transform quality between samples to the anatomical template was assessed 
using a segmentation image (Figure 17A). A segmentation image of each sample 
was created by manually selecting five annular regions. Next, the segmentation 
image was placed over the disc anatomical template to visualize the difference 
between the sample and the template. The segmentation image was then 
transformed to the template space using the transform calculated between the 
sample image and the template. The transformed segmentation image was 
qualitatively assessed to determine if the annular regions of the sample 
corresponded to the appropriate regions of the template.  
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Figure 17: (A) A segmentation image (colored) overlays one of the individual disc 
images (grayscale) used to create the template. (B) The same 
segmentation from (A) overlays template, demonstrating that the 
individual disc is notably larger than the template. (C) The individual disc 
segmentation is transformed to the template. The transformed mask 
matches the outer contour of the template and original features of the 
original mask are preserved, including the diagonal lines between the 
annular regions, indicating a reasonable transformation between the 
individual disc and the template.  
5.2.4 Disc Strain Template 
The disc strain template was created by first expressing the sample strain 
tensors in an anatomical coordinate system consisting of three orthogonal basis 
vectors: axial vectors perpendicular to the midaxial slice, circumferential vectors 
parallel with the outer disc contour, and radial vectors perpendicular to the outer 
disc contour (Figure 18).157 Strain components of each sample were then 
transformed to template space using the transformations between each sample and 
the disc anatomical template. Because the strain tensors were expressed in terms of 
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local coordinates, vector orientation relative to disc anatomy was preserved during 
transformation. The transformed strain components were averaged to create the 
disc strain template.  
 
Figure 18: Circumferential and radial basis vectors for a local disc coordinate 
system. Defining the strain in local coordinate system facilitates 
transformation of strain tensors from the subjects to the template. 
 
The template’s effectiveness in achieving the objective of reducing individual 
variability in strain maps while preserving general trends was evaluated using the 
first invariant of the Lagrangian strain tensor. The first invariant is a scalar that is 
independent of coordinate system and represents the average deformation at that 
point. Invariant maps were created for each sample and for the template. Then, the 
invariant template was qualitatively examined to determine if the specimen-specific 
peaks had been reduced while preserving the general trend of a higher invariant in 
the posterior region.  
5.2.5 Regional Strain Analysis 
Disc strain was analyzed as a function of anatomic location. The annulus 
fibrosus was partitioned into five regions of interest: anterior, anterolateral, lateral, 
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posterolateral, and posterior (Figure 19A). To evaluate the difference between the 
inner and outer annulus, the five regions were divided in half. To avoid bone-disc 
interface effects, data was analyzed in the mid-third of the disc height (Figure 
19B&C).  
Each voxel of the strain template represents data for seven individual discs 
spatially normalized to the same anatomical location. For plotting purposes, the 
mean strain was calculated at each voxel, and boxplot and overlay images were 
created using the voxel means within the region of interest. For statistical analysis, 
the mean strain in each annular region was calculated for each of the transformed 
sample discs. The differences in region means of the seven samples were then 
evaluated using a repeated measure ANOVA with a Holm-Sidak Multiple 
Comparison Test. Significance for all tests was set at p < 0.05.  
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Figure 19: Midaxial (A), midcoronal (B), and midsaggital (C) slices of the disc 
anatomical template. The annulus of approximately the mid-third of axial 
region of the disc was divided into five regions: anterior, anterolateral, 
lateral, posterolateral, and posterior. The right side of the template was 
more poorly defined than the left, because the original images had lower 
signal-to-noise and contrast-to-noise ratios in the right side.  
 
5.2.6 Comparison to Finite Element Model 
Both the finite element model and the anatomical template are average 
shapes of human L4-L5 discs. However, the finite element model used principal 
component analysis of an independent set of L4-L5 disc images to define the model 
geometry. As geometry affects FEM results,100 the shapes of the disc anatomical 
template and the finite element model were compared before comparing the FEM 
strain results with the strain template.  
The internal results of a recently validated biphasic FEM62 of the 
intervertebral disc were compared to the strain template. After simulating the same 
loading conditions as the samples used to create the same template, the finite 
element model strain results were sampled to match the template voxel 
distribution. The finite element model was then registered to the template, so that 
each voxel of the strain template corresponded to a voxel representing FEM results. 
At each voxel, the mean and standard deviation of the transformed sample disc 
strains was compared with the FEM results.  Because there was no standard 
deviation associated with the finite element measurements, no statistical tests were 
performed. Instead, the difference between the FEM result and template mean 
strain was compared in terms of the template standard deviation.  
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5.3 Results 
5.3.1 Disc Anatomical Template 
The final disc anatomical template held the expected shape of an 
intervertebral disc (Figure 19). Total computational time to create the anatomical 
template was 10 hours, with 30 seconds for the first step, 0.5 hours for the second, 
1.5 hours for the third, and 8 hours for the final step while using seven Intel Xeon 
compute cores. The most striking difference between the original images and the 
template is the darker and less defined edges of the right side of the disc (Figure 
19B). However, this lack of edge definition was expected given the lower contrast 
on the right side of the disc in the original images. Also, the template lacked lamellar 
contrast. Again, this was expected because the template is an average of multiple 
discs. 
Importantly, labels transformed from the samples to the template matched 
the expected areas well (Figure 17). The disc shown in Figure 17A had the largest 
cross-sectional area of the sample set, and hence the transformation between the 
sample and the template was larger than that of most of the other samples. 
Irrespective of the difference between each sample and the template, the general 
features of the sample labels are appropriately transformed to the template. 
Specifically, after transformation the outer contour of the discs match, the relative 
thickness of the annulus is similar, the inner boundary of the annulus remains 
smooth, the boundaries between the five annular regions remain diagonal lines, and 
the five annular regions match the appropriate location in the template. This 
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indicates that locations in the individual discs correspond to the appropriate 
anatomic location on the template, and this successful spatial normalization allows 
for the creation of the disc strain template. 
 
5.3.2 Disc Strain Template 
The invariant of the deformation tensor for the individual samples was 
consistently higher in the posterior and lateral regions of the discs compared to the 
anterior regions (Figure 20). However, there was also considerable variation in the 
magnitude of invariants between samples and the location of the peak invariants. 
The strain template notably reduced individual peaks evident in the invariants of 
the individual discs. It also preserved the pattern of higher values in the posterior 
region.  
 
Figure 20: Midaxial disc slices showing the first invariant, a measure of volumetric 
change, of four of the seven individual discs and the template. The 
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template does not have the invariant peaks evident in many of the 
samples (e.g. the peaks located at arrows in Discs 2 and 3). The template 
preserved general trends, such as higher invariants in the posterior 
region. 
 
5.3.3 Regional Strain Analysis 
Axial strain varied from -6.8% to -22.0% (Figure 21A). The magnitude of 
axial strain was lower in the anterior region (-9.9%) than in the lateral region (-
16.6%, p < 0.05, Table 1). The mean axial strain in the lateral, posterolateral, and 
posterior regions were similar, with values of -14.3 to -16.6% (p > 0.2). The range of 
circumferential strain (1.4 to 5.3%, Figure 21B) was much smaller than the range of 
axial strain. There was a region of high circumferential strain in the lateral and 
border of the posterolateral regions of the annulus, although this difference was not 
statistically significant (p > 0.2). In contrast to the axial strain, the circumferential 
strain component was similar in the anterior and posterior regions (p > 0.9). The 
radial strain components had a slightly larger range (-3.5% to 4.4%, Figure 21C) 
than the circumferential strain. Mean radial strain in the lateral region (-0.5%) was 
lower than radial strain in the anterior (2.5%), anterolateral (1.4%), posterolateral 
(2.5%), and posterior (2.8%) regions (p < 0.05). Similar to the circumferential 
strain, radial strain magnitude is similar in the anterior and posterior regions (p > 
0.7). Between most of the inner and outer annulus regions, the difference in strain 
components was not significant (Figure 22). The notable exception is in the radial 
strain of the lateral region, with a mean strain of -1.4% in the outer annulus and 
1.1% in the inner annulus (p < 0.1).  
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Table 1: Mean (standard deviation) of strain values for the L4-L5 Template in the 
five annular regions and throughout the annulus fibrosus. A=Anterior, A-
L = Anterolateral, L = Lateral, P-L = Posterolateral, and P = Posterior. 
 A A-L L P-L P Total 
Axial -9.9(2.0) -12.7(3.0) -16.6(2.9) -14.3(1.7) -15.8(1.7) -13.5(3.5) 
Circum. 2.3(0.4) 2.2(0.6) 3.8(0.8) 3.0(0.6) 2.3(0.4) 2.7(0.9) 
Radial 2.5(0.5) 1.4(1.3) -0.5(2.0) 2.5(0.9) 2.8(0.9) 1.6(1.8) 
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Figure 21: Boxplots of the voxel strain distributions in the five annular regions for the 
axial (A), circumferential (B), and radial (C) strain components. The data 
represents the strain component values at each of the voxels within the regions 
as defined inFigure 19. Midaxial slices of the strain template are also shown. 
Axial strain has a wide range of -6.8% to -22% and is lower in the lateral, 
posterolateral, and posterior regions. Circumferential strain is highest in the 
lateral region, while the radial strain is lowest in that region. Solid lines are 
significant differences between means of the seven subject discs transformed to 
the template space (p < 0.05), and dotted lines are trends (p < 0.1). 
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Figure 22: Comparison of voxel distributions of axial (A), circumferential (B), and radial 
(C) strain components between the inner and outer annulus of the strain 
template. In most regions, there was minimal difference between the inner and 
outer annulus. However, the axial component had greater compressive strain in 
the inner portion of the anterolateral and lateral regions. Similarly, the radial 
and circumferential strains were higher in the inner lateral region than the 
outer lateral region. #indicates trend in differences between means of the seven 
subject discs transformed to the template space (p < 0.1). 
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5.3.4 Comparison to Finite Element Model 
The geometry of the FEM and the disc anatomical template were very similar, 
differing by a few millimeters in disc height, anteroposterior width, and lateral 
width (Figure 23). The contours of the midaxial slices were also very similar. 
However, the shapes differed in that the disc anatomical template had peaks along 
the outer rim of the inferior and superior edges that were not present in the FEM 
geometry. The difference between profiles is probably due to the different imaging 
sequences used to acquire the FEM and template data sets. The FEM data set was 
acquired using a 3D fast low-angle shot (FLASH) sequence,108 while the template 
data set was acquired using a 3D turbo spin echo sequence. In the FLASH sequence, 
the outer rim of the disc was not visible, and hence was lacking in the FEM shape. 
 
Figure 23: Comparison of the disc template created in this study (red) and the finite 
element model geometry (blue), which were created using different samples and 
methods.108 The template and shape model are similar in both shape and size. 
The shapes differed in that the disc anatomical template had peaks along the 
outer rim of the inferior and superior edges that were not evident in the FEM 
geometry (see arrows in midcoronal and midsagittal views).  
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The FEM internal strains were similar in magnitude to the disc strain 
template (Figure 24A&B). The finite element results were within one standard 
deviation of the template values for 85.5%, 99.5%, and 81.4% of all voxels for the 
axial, circumferential, and radial strain components, respectively (Figure 24C). The 
areas of largest difference were in the anterolateral and lateral regions for the axial 
strain component and the posterior region of the radial strain component. These 
differences are also evident in the distribution of template mean strains and the 
finite element results (Fig. 10). The measured template axial strain was 4.2-6.0% 
strain lower than the calculated values of the FEM in the anterolateral and lateral 
regions of the disc (Figure 25A). The circumferential strain was 1.0-1.5% strain 
higher in the template than the finite element model in the lateral, posterolateral, 
and posterior regions (Figure 25B). The radial strains in the template were also 
2.0% strain lower than the FEM in the lateral region and 3.8% strain lower in the 
posterior region (Figure 25C). Of the fifteen comparisons between the template and 
the FEM (3 strain components and 5 regions), the difference in medians between 
the two was less than 2.5% strain for all but three of the comparisons.  
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Figure 24: Midaxial slices of the strain template (A) and finite element model (B). 
The difference of the FEM from the template mean is also shown in terms 
of the standard deviation at each voxel (C). The strains predicted by the 
FEM are within 1 standard deviation for the majority of the annulus in all 
three strain components. The greatest difference between the FEM and 
template is the peak radial strains in the posterior region. 
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Figure 25: Comparison of template strains and finite element model strains in the 
mid-third of the disc. Median strains between the template and finite 
element model are within 0.2-2.5% strain for all compared regions except 
for the axial component in the anterolateral and lateral regions and the 
radial component in the posterior region.  
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5.4 Discussion 
This chapter successfully completed the objective of creating an internal disc 
strain template for human L4-L5 discs undergoing a physiologically relevant 
compressive load. The individual strain maps contained 3D strain data that was 
measured non-invasively. As expected, the combination of 3D maps from individual 
discs into a single template reduced individual variability to allow for the study of 
group-level trends in local 3D strain such as high compression strain in the 
posterolateral and posterior regions (Figure 20). These trends were validated by 
comparison to the internal strains calculated by a finite element model. Creating the 
strain template is a substantial improvement in studying internal disc mechanics 
and provides a new methodology useful for multiple studies, such as studying the 
effect that disc degeneration and treatments have on internal disc strain.  
The strain distributions of the template can be interpreted within the context 
of disc anatomy. Because the loading was axial compression, axial strains were 
much greater in magnitude (-7 to -22%) than circumferential and radial strains (-3.5 
to 5.5%), which is consistent with the compression load causing an internal 
pressure that subsequently pushes the annulus outward. The amount of bulging as 
measured by mean radial strain is consistent with 2D MR strain measurements 
(1.8% vs 2.1% strain).101 Axial strain was greater in the posterior, posterolateral, 
and lateral regions of the disc than the anterior region (Figure 21A). Also, 
circumferential strain was highest in the lateral and posterolateral regions of the 
disc (Figure 21B). In conjunction with the thinner annulus in the posterior and 
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posterolateral region, this may explain why there is a higher occurrence of radial 
tears in the posterolateral region.142 Also, in the region with the highest 
circumferential strain (lateral), the radial strain was compressive, which is a 
consistent with a normal Poisson’s effect. It is interesting to note that in most disc 
regions, the strains of the inner and outer annulus were not different (Figure 22). 
The notable exception is the lateral region, in which the inner annulus had greater 
strain magnitudes. This difference between inner and outer annulus could be due to 
several factors, including the higher curvature of the disc in that region, the lower 
disc height over the inner annulus than outer annulus, and potentially different 
mechanical properties between the inner and outer annulus.34; 50 However, the 
continuum of structure and composition from outer to inner annulus makes it 
difficult to distinctly separate these regions. 
 The wide range of observed axial strain magnitudes highlights the 
inhomogeneity created by the disc’s structure and composition. The mean measured 
axial strain is comparable to the applied strain of -10.3 ± 3.5%, but the range of -
6.8% to -22.0% is substantial. The circumferential and radial strain components 
also had wide ranges of 1.4 to 5.3% and -3.5 to 4.4%, respectively. Thus, even in a 
very simple loading condition that is representative of daily activities such as sitting 
and walking,153; 157 there are regions of the disc’s structure that experience high 
strains that may eventually lead to tissue damage. The wide range is also important 
to consider in the context of the disc’s cellular environment. Strain is attenuated 
between the tissue and cellular levels of fibrous tissue, including the intervertebral 
 
 
70 
disc.49; 133; 137 However, the magnitude of measured strain in this work indicate that 
even with attenuation in a simple loading condition the cells that inhabit the disc 
experience a varied mechanical environment with the potential to influence cellular 
function. 
The majority of the strain template results were consistent with the FEM. For 
example, in both methods the highest circumferential strain was in the lateral 
region with a corresponding minimum of radial strain (Figure 23B & C). Overall, 
the FEM results were within one standard deviation for over 80% of the regions 
examined (Figure 24C). This high level of agreement gives confidence that the 
template internal strain measurements for a disc undergoing axial compression are 
reasonable.  
While the strain template was compared to the finite element model to 
ensure that the template results were reasonable compared to a widely accepted 
method of evaluating internal strains, the experimentally derived template can also 
serve as an internal validation of the finite element model. Finite element models 
are valuable tools in evaluating a disc’s mechanical function because they have the 
ability to rapidly evaluate the effects of more complex loading conditions and to 
perform experiments altering properties that are not feasible to adjust in physical 
experiments. Unfortunately, disc FEMs are often constructed with significant 
assumptions concerning internal structure and mechanical properties, such as disc 
geometry, tissue constitutive models, viscoelasticity, collagen fiber angle, and 
material properties of the tissue structures. Furthermore, they are routinely 
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validated using only simple, and often single, global parameters such as the amount 
of height loss during compression. As a result, the validity of the disc FEM results is 
of concern and the suitability to use internal outputs has not been evaluated.  
The finite element model examined in this study had already gone through 
extensive validation of geometry, material model selection, and of the non-linear 
response to compressive loads.62 Despite the extensive validation of the finite 
element model, the comparison to the strain template uncovered two regions where 
the FEM did not match the measured results: the axial strains in the anterolateral 
region and the radial strains in the posterior region (Figure 24C & Figure 25). The 
peak radial strains in the posterior region are possibly due to the rectangular, rather 
than cube, shape elements in the region that may cause small discontinuities in fiber 
distribution within the model.  The difference between the FEM and template axial 
strain may be due to the difference in the superior and inferior vertebral edges 
between the template and FEM (Figure 23). Note that these differences did not 
cause discrepancies in the extensive testing and validation of the nonlinear disc-
level mechanical response of this finite element model,62 indicating that care should 
be taken in using internal outputs of finite element models that have been validated 
using disc-level parameters. However, despite the need for further refinements to 
the model, the mean predictions of the current FEM and template were similar in 
most respects. 
While the purpose of creating the template was to eliminate individual 
variation in order to highlight group trends, the template can also be used to 
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examine individual variations. Studying individual variations can be done by 
comparing and contrasting the strain distributions of an individual disc with the 
template strain map. This is important, because peak strains present in individual 
discs may be indications of local tissue damage, similar to the way in which contact 
stress peaks individual hip joints are likely the cause of pain.51 By using a template 
to establish normal strain patterns, individual deviations can be more readily 
identified.  
In conclusion, the disc strain template provides an unprecedented view of 
the internal intervertebral disc strain. The combination of multiple 3D maps into a 
single template allows for the study of general strain trends within the disc. The 
comparison between the template strains and finite element model indicate that the 
template strains are reasonable and demonstrate a need for validating the internal 
strains calculated by finite element model. Studying tissue strain by using templates 
is a technique that is readily applicable for use in other joints and tissues. Moreover, 
the technique provides a new methodology useful for a wide range of studies, 
including more complex loading conditions, comparison of individual disc strain 
with the template strains, the effects of disc pathologies and degeneration, damage 
mechanisms, and design and evaluation of treatments.  
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CHAPTER 6: EFFECT OF NUCLEOTOMY ON INTERNAL DISC 
STRAIN 
6.1 Introduction 
As described in chapter 3, nucleotomy alters disc mechanics by decreasing 
disc height, NP pressure, and stiffness while increasing range of motion and creep.21; 
25; 42; 46; 61; 88; 104 A two-dimensional study of the effect of nucleotomy on internal 
strains found that the increased compressive disc strain translated to higher axial 
strains within the disc and altered distributions in radial strain between the 
anterior and posterior regions.104 Because of the two-dimensional nature of the 
study, circumferential strains, which would tend to cause annular tears, were not 
measured. Also, measurements were limited to the midsagittal and midcoronal 
planes.  
The objective of the current chapter is to measure the effect of nucleotomy 
on the internal strains of mildly-degenerate human discs. This was done using the 
strain template technique developed in chapter 5, which allows for the comparison 
of the 3D strain components throughout annulus fibrosus.  
6.2 Methods 
6.2.1 Data Acquisition 
Twelve human grade II L3-L4 bone-disc-bone samples were prepared in the 
manner described in section 5.2.2. Five of the 12 samples had significant imaging 
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artifacts and were eliminated from the study. Each of the seven remaining samples 
was tested in a similar manner to the data acquisition process described in chapter 
5. Testing began by hydrating the sample overnight in a refrigerated PBS bath. Next, 
the sample was placed in the loading rig157 and 30N axial compression load was 
applied using an Instron ElectroPuls (E3000, Instron, Norwood, MA) to overcome 
the overhydration that results from  the overnight hydration. Afterwards, the 
sample was transferred to and imaged in a 7T MR scanner (Magnetom, Siemens 
Medical Solutions, Malvern, PA) with 0.3 mm isotropic resolution. After imaging, the 
sample was loaded to -9.5 ± 3.2% axial strain for 3 hours, after which the resulting 
displacement was fixed and the sample was reimaged. Samples were frozen 
following imaging. Unlike the previous data set, no images were taken at 
intermediate strain values. Peak stress as a result of the -9.5 ± 3.2% applied strain 
was 0.71 ± 0.23 MPa, which is comparable to the stresses experienced in a wide 
range of daily activities such as standing, jogging, and climbing stairs.153 Equilibrium 
stress after three hours of -9.5% applied strain was 0.22 ± 0.08 MPa.  
After intact loading and imaging were complete, 1.1±0.4 g of nuclear material 
was removed (approximately 30% of nucleus volume27; 39) as described in section 
3.2.3 and samples were subsequently returned to the freezer. Samples lost 0.6 mm 
of disc height as a result of nucleotomy.  
Nucleotomy testing and imaging were identical to intact testing and imaging, 
except that samples were loaded to 0.71±0.23 MPa to match the resultant loads of 
the intact test. Applied stress was matched during testing rather than the applied 
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strain because samples lost disc height as a result of nucleotomy, thereby altering 
the initial height used to calculated applied strain. 13.4±3.7% compressive strain 
was applied to the nucleotomy samples as a result of the 0.71±0.23 MPa applied 
stress. Equilibrium stress for samples following nucleotomy was 0.18 ± 0.06 MPa. 
6.2.2 Anatomical and Strain Template Creation 
Strain maps were calculated for each of the unloaded and loaded image pairs 
by first creating bone-disc-bone segmentations of the images in ITK-SNAP159 as 
described in section 5.2. The segmented images were registered using ANTs. Strain 
tensors were then calculated from the transformation found in the registration 
process.  
Intact and Nucleotomy disc anatomical templates were created using disc 
only segmentations of the unloaded images as described in 5.2.3. Computational 
time to create each anatomical template was approximately 11 hours using 7 Intel 
Xeon compute cores, which is similar to the time used to create the L4-L5 disc 
anatomical template in chapter 5. The outer contour of the anatomical template of 
the intact L3-L4 disc was compared with the L4-L5 template developed in chapter 5.  
After the anatomical templates were created, the intact strain template was 
created by transforming the seven intact strain maps to the intact template space. 
Similarly, the nucleotomy strain template was created by transforming the seven 
nucleotomy strain maps to the nucleotomy template space. After transformation to 
the appropriate template space, sample strain components were averaged to create 
strain templates.     
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6.2.3 Intact Strain Analysis 
Similar to the regional strain analysis of the L4-L5 template in chapter 5, disc 
strain was analyzed as a function of anatomic location. The annulus fibrosus was 
partitioned into five regions of interest: anterior, anterolateral, lateral, 
posterolateral, and posterior (Figure 26A). To avoid edge effects, the superior and 
inferior bone-disc boundaries were excluded from analysis (Figure 26B&C). For 
statistical analysis, the mean strain in each annular region was calculated for each of 
the transformed sample strain components. The differences in region means of the 
seven samples were then evaluated using a repeated measure ANOVA with Holm-
Sidak test. Significance for all tests was set at p < 0.05.  
 
 
 Figure 26: Midaxial (A), midcoronal (B), and midsagittal (C) views of the intact L3-
L4 template showing the five annular regions used for strain analysis.  
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6.2.4 Effect of Nucleotomy on Internal Strain 
To determine the effect of nucleotomy on internal strain, mean strains in the 
five anatomical regions of the nucleotomy were compared as described for the 
intact template. Also, direct comparison between the intact and nucleotomy 
templates was completed by first registering the midaxial region of the nucleotomy 
template to the midaxial region of the intact template. Voxel-wise paired t-tests with 
a False Discovery Rate were conducted between the intact and nucleotomy values. 
Significance for all tests was set at p < 0.05.  
6.3 Results 
6.3.1 Anatomical Templates 
The intact L3-L4 anatomical template was similar to the L4-L5 template 
(Figure 26 and Figure 27). The profiles of the superior and inferior surfaces were 
very similar between the two levels. The two disc shapes were very similar, 
although the L3-L4 template had a smaller cross-sectional area of 1582 mm2, 
compared to 1832 mm2 for the L4-L5 template. The L3-L4 disc was also slightly 
taller, with an average disc height of 11.7 mm compared to 10.9 mm for the L4-L5 
discs.  The L3-L4 disc also had a slight posterior notch corresponding to the 
vertebral foramen in the axial cross-section that is not evident in the L4-L5 
template. The L3-L4 template following nucleotomy was almost identical to the 
intact L3-L4 template, except that the average disc height decreased by 5% from 
11.7 to 11.1 mm.  
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Figure 27: Midaxial, midcoronal, and midsagittal views comparing the L4-L5 (blue) 
and L3-L4 (red) templates. The two discs shapes are very similar. 
However, the L3-L4 template has a smaller cross-sectional area and has a 
slightly larger disc height.  
 
6.3.2 Intact Strain Analysis  
In the intact template, axial strain ranged from -2.2% to -25.9% strain 
(Figure 28). Axial strain was highest in the anterior region, with a mean value of -
13.8% strain (p < 0.05, Figure 28A, Table 2). There was no significant difference in 
axial strain between the means of the other four annular regions, which ranged from 
-19.6% to -21.0% strain (p > 0.4). Circumferential strain varied from 2.3% to 6.9% 
strain and was lowest in the posterolateral region with a mean of 3.3% strain (p < 
0.05, Figure 28B). There was no difference in circumferential strain between the 
other four annular regions, which had means of 5.0-5.8% strain (p > 0.2). Radial 
strain ranged from 1.2% to 8.6% strain and was lowest in the lateral region, with a 
 
 
79 
mean of 3.1% strain, although this difference was not statistically significant 
(Figure 28C). Again, there was no difference in radial strain in the other four 
annular regions, which had means of 5.4% to 6.0% strain.  
 
Table 2: Mean (standard deviation) of strain values for the Intact L3-L4 Template in 
the five annular regions and throughout the annulus fibrosus. A=Anterior, 
A-L = Anterolateral, L = Lateral, P-L = Posterolateral, and P = Posterior.  
 A A-L L P-L P Total 
Axial -13.8(5.9) -19.6(4.7) -21.0(2.7) -20.3(2.4) -21.0(2.7) -18.8(5.1) 
Circum. 5.2(0.8) 5.0(0.7) 5.8(0.9) 3.3(0.6) 5.0(0.8) 5.0(1.1) 
Radial 5.4(0.9) 6.0(1.2) 3.1(1.2) 5.6(1.5) 5.5(1.4) 5.0(1.6) 
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Figure 28: Axial (A), circumferential (B), and radial (C) strain of intact L3-L4 
template. Axial strain was highest in the anterior region, circumferential 
strain was lowest in the posterolateral region, and radial strain was 
lowest in the lateral region. Solid line: p < 0.05 
 
6.3.2 Effect of Nucleotomy on Internal Disc Strain 
In the nucleotomy strain template, axial strain ranged from -11.9% to -29.8% 
strain (Figure 29). There was no significant difference in axial strain between the 
means in the anterolateral, lateral, posterolateral, and posterior regions, which 
ranged from -24.4% to -26.2% strain (p > 0.4, Figure 29A, 
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Table 3). Mean axial strain in the anterior region was -21.5% strain, which was 
higher than strain in the posterior region (p < 0.05). Circumferential strain varied 
from 2.8% to 6.9% strain, and in contrast to the intact template, there were no 
differences between regions (Figure 29B). Radial strain ranged from 0.6% to 8.9% 
strain and there were no differences between regions (Figure 29C).  
Axial strain was lower in the nucleotomy template than in the intact template 
for all five annular regions, with differences ranging from -0.9% to -12.3% strain 
(Figure 30A). The mean difference in axial strain was -7.6% in the anterior region, 
and the difference was slightly lower in the other four regions, with difference 
means ranging from -4.7% to -5.4% strain (Table 4).  In the nucleotomy template, 
circumferential strain was 0% to 2.5% lower in the anterior and anterolateral 
regions compared to the intact template, while it was 0% to 1.5% higher in the 
posterolateral and lateral regions (Figure 30B). Nucleotomy decreased the amount 
of radial strain in the anterolateral region by an average of -1.5% strain (Figure 
30C).  
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Table 3: Mean (standard deviation) of strain values for the Nucleotomy L3-L4 
Template in the five annular regions and throughout the annulus fibrosus. 
A=Anterior, A-L = Anterolateral, L = Lateral, P-L = Posterolateral, and P = 
Posterior. 
 A A-L L P-L P Total 
Axial -21.5(4.2) -24.4(3.1) -25.7(2.0) -25.8(2.1) -26.2(2.5) -24.4(3.5) 
Circum. 3.8(0.6) 4.2(0.2) 5.2(0.4) 4.3(0.4) 5.5(0.7) 4.5(0.8) 
Radial 3.8(2.1) 4.5(1.1) 3.7(0.8) 5.8(1.5) 6.1(1.1) 4.6(1.8) 
 
 
Table 4: Mean (standard deviation) of difference between the strain values of the 
intact and nucleotomy template in the five annular regions and 
throughout the annulus fibrosus. Negative values indicate the strain 
component decreased as a result of nucleotomy. A=Anterior, A-L = 
Anterolateral, L = Lateral, P-L = Posterolateral, and P = Posterior. 
 A A-L L P-L P Total 
Axial -7.6(2.9) -4.8(2.2) -4.7(1.6) -5.4(1.3) -5.2(1.6) -5.6(2.4) 
Circum. -1.4(0.5) -0.7(0.5) -0.6(0.8) 1.0(0.3) 0.4(0.3) -0.5(1.0) 
Radial -1.6(1.5) -1.5(0.8) 0.6(0.6) 0.2(0.5) 1.0(1.0) -0.4(1.4) 
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Figure 29: Axial (A), circumferential (B), and radial (C) strain components for the 
nucleotomy strain template. Mean axial strain was approximately 25% 
compressive strain in all regions except anterior, which had slightly less 
compression (A). There were no statistically significant differences in 
circumferential and radial strain. (B&C).   
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Figure 30: Difference between intact and nucleotomy templates is shown in the 
first column for all three strain components. Negative values indicate 
nucleotomy decreased the strain component. Nucleotomy decreased axial 
strain throughout the annulus. Nucleotomy effects on circumferential and 
radial strains were less pronounced, although there were regions of 
decreased strain in the anterior region and increased strain in the 
posterior. The second column shows the regions where these differences 
are statistically significant, with red indicating p < 0.05 and green p < 0.1. 
All stats have q < 0.02, which means that less than 2% of the significant 
voxels are expected to be false positives.  
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6.4 Discussion 
Strain templates determined the effects of nucleotomy on the internal strains 
of mildly-degenerate L3-L4 discs. The most notable change caused by nucleotomy 
was an average 5.6% compressive strain increase throughout the annulus (Table 4, 
Figure 30A). This increase in compressive strain for the same applied load was 
expected due to the loss of internal disc pressure that occurred as a result of 
nucleotomy.  
While the magnitude of compressive strain increased throughout the 
annulus, circumferential and radial strains decreased in the anterior regions while 
increasing in the posterior regions (Figure 30B&C). The difference between the 
anterior and posterior regions, rather than a uniform increase or decrease, may be 
due to uneven removal of the nucleus pulposus in the nucleotomy procedure. 
Because the annular incision is in the posterior region of the disc, it is easier to 
remove tissue from the anterior nucleus than the posterior using pituitary 
rongeours. While NP material has been shown to redistribute and rehydrate 
following nucleotomy,60; 124 it is not completely fluid and may remain more damaged 
in the anterior region than posterior. As a result, when compressed, it would exert 
less pressure in the anterior region, allowing for less radial and circumferential 
strains in the anterior region despite the increase in compressive strain. In contrast, 
with a relatively intact nucleus pulposus in the posterior region, the greater 
compressive strains were accompanied by increases in circumferential and radial 
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strains. The increase from 3.3±0.6% circumferential strain to 4.3±0.4% strain in the 
posterolateral region may be especially relevant, because this is the disc region most 
prone to annular tears.  
There were a number of similarities in the internal strain distributions of the 
intact L3-L4 template created for this study with the intact L4-L5 template created 
in chapter 5. For example, the amount of axial strain was lowest in the anterior 
region and circumferential strain was highest in the lateral region, with a 
corresponding minimum of radial strain in the lateral region (Figure 21 and Figure 
28). There were also a number of differences between the strain templates. For 
example, the range of strain values was greater in the L3-L4 template than in the L4-
L5 template. This may be due to the difference in loading protocols. The L4-L5 
template had undergone 4 stages of compression and imaging, although data for this 
work was only taken from the first and last stages. The L3-L4 discs were only 
imaged once in the unloaded and final loaded conditions. As a result of the longer 
testing protocol, the L4-L5 disc tissue may have reached equilibrium whereas the 
L3-L4 discs may not have, which would result in more uniform strain distributions. 
Also, although the applied compressive strain for both sample sets was 
approximately 10%, the resulting applied stress of 0.71±0.2 MPa for the L3-L4 discs 
was double the stress of 0.35 ± 0.2 MPa for the L4-L5 discs. This difference in 
applied stress is probably due to the difference in degeneration grades between the 
sample sets, as the less degenerate L3-L4 discs supported more loads for the given 
displacements. The difference in degeneration grades is also evident in the 
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geometry measurements of the anatomical templates. For discs of similar 
degeneration grades, the L3-L4 discs should have a smaller cross-sectional area and 
lower disc height than the L4-L5 discs. However, the L4-L5 template had a lower 
disc height than the L3-L4 template (Figure 27), which is consistent with a more 
degenerate sample set.   
The difference in disc level, degeneration states, and loading protocols makes 
the L3-L4 and L4-L5 template unsuitable for more thorough comparisons. 
Replicating the experiment described in this chapter with degenerate L3-L4 discs 
would be extremely useful in studying internal disc strain distributions. A two-
dimensional study of disc strain found nucleotomy increased radial and 
circumferential strains more substantially in degenerate samples than non-
degenerate.104 Therefore, it is likely that the increase in posterolateral 
circumferential strain found in this work would be even greater in more degenerate 
samples, indicating a region susceptible to structural damage.   
While this study demonstrated the changes in strain magnitude and 
distribution caused by nucleotomy, it also leaves a number of questions to be 
answered in future studies. First, the significant changes in strain in the 
posterolateral region were measured on the uninjured side of the disc. The strains 
in the region immediately surrounding the nucleotomy incision have not been 
measured. Such measurements would be useful not only to determine the incision’s 
effects, but also would serve as a first step towards examining the local strains 
around radial tears. Second, as was noted in section 7.2.1, a number of prepared 
 
 
88 
samples had imaging artifacts that prevented their inclusion in the data set. These 
artifacts presented as large voids near the superior edge of the disc and were due to 
inhomogeneity within the magnetic field while imaging. Reducing the field 
inhomogeneity by performing these experiments using a 3T scanner may improve 
the robustness of the sequence and will be discussed in more detail in section 8.2.1.    
In conclusion, this study showed that nucleotomy increases axial strain, and 
increases circumferential strain in the posterior and posterolateral regions. This 
strain increase may leave the tissue more susceptible to further injury, such as 
annular tears. The experiment also demonstrates the feasibility of comparing 
treatments using templates.  
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CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS 
7.1 Summary of Experimental Findings 
The objective of this dissertation was to quantify the mechanical 
contributions of the nucleus pulposus to the function of the intervertebral disc in 
compressive loading. In the cyclic loading experiment described in chapter 3, 
removal of the nucleus pulposus caused acute changes to the disc’s mechanical 
response such as a decrease in compressive stiffness with an accompanying 
increase in compressive strain. These changes correspond to hypermobility, which 
will alter overall spinal mechanics and may impact low back pain via altered motion 
throughout the spinal column. In addition to these acute changes, nucleotomy also 
decreased the fluid-flow related effects of compressive loading. Chapter 4 used the 
nucleotomy cyclic loading data as a control to evaluate the effectiveness of a 
hydrogel implant as a nucleus pulposus replacement. The implant did not 
significantly affect the compressive modulus or strain of the samples, but was not 
expelled during the extensive testing and preserved the creep response of the discs. 
Chapter 5 focused on technical developments to study internal disc 
mechanics. Specifically, an intervertebral disc strain template of moderately 
degenerate L4-L5 discs undergoing axial compressive strain was created. The strain 
template facilitates the study of group-level trends in strain distribution while 
reducing the effects of individual variations between samples. The template showed 
that internal strain varied widely, despite the uniform compressive strain. Axial 
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strains were highest in the vulnerable posterolateral and posterior regions. 
Circumferential strains were highest in the lateral region, with a corresponding 
minimum in radial strain in that region.  In chapter 6, the strain template was used 
to validate the internal strains predicted by a recently created finite element model 
of the intervertebral disc.  
The strain template technique was used to evaluate the effects of nucleotomy 
on the internal strain of mildly-degenerate human L3-L4 discs in chapter 7. Removal 
of the nucleus increased axial strain throughout the annulus fibrosus, consistent 
with the existing literature stating that the nucleus plays a significant role in 
supporting compressive loads. Removal of the nucleus also unevenly altered the 
distribution of circumferential and radial strains within the annulus. 
Circumferential strain was significantly higher in the posterolateral region, which 
may substantially increase the risk of annular tears in that region.  
7.2 Future Directions 
7.2.1 Technical Developments 
The MR imaging sequence that was recently developed coupled with the 
template analysis method described in chapter 5 are vast improvements on the 
previous methods of measuring internal strain. However, there is room to make the 
techniques more robust and widely applicable.  In particular, adapting the current 
imaging sequence for use on a 3T MR scanner would have a number of advantages. 
First, the 7T whole-body scanner used for this study is much less common than a 3T 
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scanner. Developing a sequence suitable for the 3T scanner would facilitate more 
widespread use of the techniques.  
A second advantage to using a 3T magnet would be a reduction in magnetic 
field inhomogeneity artifacts. Inhomogeneity artifacts are more common at high 
magnetic fields and can lead to image distortion and loss of signal at tissue 
interfaces.156 Within this work, these artifacts were manifested by severe signal loss 
at the bone-disc interface (Figure 31A). The magnetic field was manually adjusted, 
or shimmed, to be made more homogeneous in the immediate vicinity of the disc, 
thereby reducing or eliminating the artifact (Figure 31B). However, the shimming 
process is an optimization of 9 separate parameters and could not sufficiently 
eliminate the artifacts in nearly half of the samples tested. Unfortunately, while 
reducing the strength of the magnetic field from 7T to 3T would reduce 
inhomogeneity artifacts, it would also reduce image contrast. However, given the 
quality of other 3T images used for strain measurements,30; 102 it is reasonable to 
expect that proper sequence development could produce 3D images using a 3T 
scanner that are suitable for strain measurements.  
The comparison of internal strains between the strain template and the finite 
element model in chapter 5 also uncovered a couple of methods to improve the 
finite element model’s functionality. First, the model geometry can be adjusted to 
match the superior and inferior contours of the template geometry. Second, the 
elements in the posterior region need to be refined to eliminate potential 
discontinuities in the modeling of the collagen fibers. These adjustments will yield a 
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more robust and thoroughly validated finite element model that is capable of 
performing a wide range of disc biomechanics studies.   
 
Figure 31: Intervertebral disc with inhomogeneity artifact at superior bone-disc 
interface (A) and artifact removed following adjustment to the magnetic 
field (B).  
7.2.2 Additional Experimental Studies 
The comparison of the intact and nucleotomy samples is but one example of 
the many studies that can be done to examine the internal strains of the 
intervertebral disc. A close companion to the current work would be to determine 
the strains in the region surrounding the nucleotomy incision. Because the AF is 
disrupted in the incision, the local tissue strain in the incision regions would most 
likely be higher than the uninjured tissue. Quantifying the amount of change and 
size of the region in which tissue strains are affected would be valuable in assessing 
the long-term effects of this common medical procedure. The incision study would 
also be a first step towards examining the effects of naturally occurring annulus 
tears. Annular tears are very common, with defects such as tears in the posterior 
annulus occurring in 70-90% of adults. 143 Despite their prevalence, understanding 
of how these tears originate or propagate is limited. Understanding how such 
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defects affect the local tissue strain would be a significant improvement in 
understanding disc mechanics.  
Another study directly related to the current work would be to repeat the 
nucleotomy experiment with moderately and severely degenerate discs. In the cyclic 
loading experiments, nucleotomy caused greater changes in the degenerate samples 
than the intact ones. It would be relevant to determine the commensurate changes 
in internal strain. These experiments could be extended to examine other 
physiologically relevant and more strenuous loading conditions, such as lateral 
bending and torsion.  
Because of the positive outcomes of testing the hydrogel implant in chapter 
4, studies have been initiated to evaluate the disc in a large animal model. However, 
the implant’s effect on the 3D internal strains has not yet been studied, and would 
be relevant to evaluating the implant’s effectiveness at restoring or maintaining disc 
mechanical properties. Treatment effectiveness would be especially relevant using 
moderate and severely degenerate discs, rather than the mildly degenerate discs 
used in the nucleotomy study. Tissue strain could also be used to evaluate other 
treatments under development, such as annulus fibrosus repair and tissue 
engineered discs.47; 85; 150 Evaluating how closely these treatments match native 
strain distributions would be an important indicator of treatment effectiveness.  
7.3 Final Conclusions 
In conclusion, the nucleus pulposus plays an important role in supporting 
compressive loads within the disc. Removal of the nucleus pulposus caused acute 
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changes to the disc’s mechanical response that correspond to hypermobility. In 
addition to these acute changes, nucleotomy also decreased the fluid-flow related 
effects of compressive loading. In mildly-degenerate human discs, removal of the 
nucleus increased axial strain throughout the annulus fibrosus. The procedure also 
unevenly altered the distribution of circumferential and radial strains within the 
annulus. Nucleotomy caused substantially higher circumferential strain in the 
posterolateral region, which increases the risk of annular tears. The tools developed 
in this work and the experimental work can be utilized to understand and design 
treatments for disc degeneration. 
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